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ZOOLOGICAL RESEARCH 


Yunnan snub-nosed monkey research of the Kunming 
Institute of Zoology, Chinese Academy of Sciences 


Yuan-Ye MA 


At the beginning of 2016, | returned to the Baima Snow 
Mountain with a CCTV film crew. As the birth place of the 
Yunnan snub-nosed monkey, Baima Snow Mountain in 
northwest Yunnan belongs to the transition zone between the 
Qinghai-Tibet and Yunnan-Guizhou plateaus, and is regarded 
as the most magnificent of the Yunling Mountains. Revisiting my 
old haunt, | cannot help but recall the international snub-nosed 
monkey research launched by the Kunming Institute of Zoology 
(KIZ) so many years ago. 

Back in 1991, commissioned by the KIZ and approved by the 
Chinese Academy of Sciences and State Forestry Department, 
my colleagues and | went to the mountains to catch the 
legendary Yunnan black monkey to help establish a snub- 
nosed monkey domestication and breeding program. Time flies, 
25 years have passed in a moment, and once again | set foot in 
this magnificent mountainous region. 

The first report of the mysterious and unverified Yunnan 
snub-nosed monkey came from a Frenchman named Pere 
Armand David in 1871, although his report was only based on 
hearsay. Some 19 years later, two other Frenchmen, RP Soulie 
and Monseigneur Biet, captured seven Yunnan snub-nosed 
monkeys in Deqin County. The skulls and skins were later 
stored in a Paris museum as the first real body exhibition of the 
Yunnan snub-nosed monkey. Seven years later, the French 
zoologist Milne-Edwards gave these specimens a scientific 
description and nominated the species as Rhinopithecus bieti. 
However, in the following 100 years, dramatic societal change, 
the replacement of original hunting by large-scale hunting, the 
denudation of virgin forests, and the destruction of the natural 
balance between humans, wild animals and plants, resulted in 
the large scale extinction of many animal species. Once again, 
the existence of the Yunnan snub-nosed monkey was 
questioned. 

In 1960, Professor Hong-Shou Peng of the KIZ coincidentally 
observed several Yunnan snub-nosed monkey skins in Deqin 
County, suspecting that this mysterious species was still alive. 
Through contact with the indigenous ethnic minorities, he was 
surprised to find that the Yunnan snub-nosed monkey was not 
unknown, and the locally named “Daqing monkey’, “white 
monkey” or “flower monkey” was still hunted for fur. 

After the Cultural Revolution, the KIZ decided to restore the 
previously suspended Yunnan snub-nosed monkey study. In 
1979, Zhi-Xiang Li, Shi Ma, and Ying-Xiang Wang collected 
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three complete specimens in Deqin, 19 years after Professor 
Hong-Shou Peng found the skins. At the beginning of the 1980s, 
however, researchers had still not seen a living Yunnan snub- 
nosed monkey in the wild. As such, the KIZ organized a number 
of multidisciplinary and systematic examinations of the species. 
Scholars such as Shou-Chang Bai, Qi-Kun Zhao, Bao-Qi Wu, 
and Wen Xiao conducted ecological and behavioral field 
observations. In 1994, Yong-Cheng Long and his colleagues 
completed numerous surveys of the exact location of each 
natural population and estimated population numbers. 
Professor Long continued his ecological and conservation work 
until his retirement in 2015. In the laboratory, Yan-Zhang Peng, 
Zhi-Zhang Ye, Ru-Liang Pan, Rui-Lin Liu, and Yao-Ping Zhang 
studied the evolution, morphology, and anatomy of the Yunnan 
snub-nosed monkey, while Li-Ming Shi, Bing Su, Wen Wang, 
and Ya-Ping Zhang conducted detailed genetic and 
evolutionary research. At the same time, related scientific 
papers were continuously published in domestic and 
international journals and magazines. In 1987, Shou-Chang Bai, 
Ru-Jin Zou, and Wei-Zhi Ji successfully captured several living 
Yunnan snub-nosed monkeys in Weixi and introduced these 
wild animals to the laboratory at the Chinese Academy of 
Sciences, making the domestication and breeding of the 
Yunnan snub-nosed monkey a possibility. 

However, at that time, the captured monkeys in Weixi were all 
females and in poor health due to severe stress. To establish a 
viable breeding population, we needed to increase their 
numbers and obtain a number of males. Bao-Ping Tian, Zeng- 
Rong Mu, Dong-Sheng Li, Wen Wang (who was still a PhD 
student then), and | began a second field expedition to Weixi in 
1991. To better understand how to capture the necessary 
individuals, we first needed to establish a good relationship with 
the local Li-Su minority people. The Li-Su people live simply, 
with little regard for money or material possessions, but with a 
different sociality than that of people from the city. At night, 
everyone would sit around a bonfire, warming themselves and 
nodding off. A dirty porcelain jar filled with a variety of animal 
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bones soaked in wine was passed from one person to the next, 
and when it came to our turn, we drank like the local people. 
Such is the way in which to establish a good relationship with 
this community, which we did, and the village hunters were then 
willing to help us. Our expedition commenced in earnest, and 
after two arduous days of trekking, we arrived at an alpine 
meadow at an elevation of more than 4 000 m, an altitude 
inaccessible to most people. During the day, we searched for 
any possible clues left by the monkeys, such as hair and feces, 
and at night, we all crowded into one tent. For 10 days, we did 
not see a shadow of a monkey, let alone catch one. Conditions 
worsened with heavy nighttime rain overwhelming the entire 
tent, and we had to resort to cooking cuckoo flower as our 
provisions became depleted. During that time, external 
communication was extremely difficult, with the closest town 
post office many hours away. When the last of our food was 
consumed, we sadly left empty-handed. On the second attempt, 
we changed our strategy by letting the hunters’ first search for 
monkeys, with our group rushing to catch up when they found 
them. Thus, the second expedition was relatively successful, 
and we were able to catch two adult females and an infant; 
however, we still did not manage to capture an adult male. At 
the moment monkeys were captured, we prepared 
antipsychotic drugs such as diazepam to reduce their stress. 
Practice had proven that this was a good way to calm them. 
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Two hours after injection, the animals no longer feared people, 
and would even take food from our hands. The KIZ organized a 
third field expedition. All things come to those who wait, and we 
finally caught two male monkeys. These monkeys still live at the 
primate center at the KIZ, and have successfully produced 
many offspring. 

Now with my return to Weixi, | have found the local people to 
be much more aware of primate protection and conservation. 
The hunters who helped us catch the monkeys have “quit” their 
old profession, transitioning to local forest keepers whose 
responsibility it is to protect the Yunnan snub-nosed monkey. 
Most scientists who commenced research on the Yunnan snub- 
nosed monkey at our institute have since retired or sadly 
passed away. Professor Hong-Shou Peng, who found the first 
Yunnan snub-nosed monkey, died on a Northwest Yunnan 
scientific expedition in 1980. A few years later, researcher Zhi- 
Xiang Li also regrettably passed. In 1993, Li-Ming Shi, who was 
the head of our institute at that time and greatly contributed to 
the snub-nosed monkey research, died from illness, and in 
1998, Professor Yan-Zhang Peng also left us. They all died in 
their 60s. Even as | finished this article, | received the shocking 
news that Ying-Xiang Wang also left the world recently. 
However, their pioneering work has been written into the 
research history of the Yunnan snub-nosed monkey. Let us 
never forget their names. 
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ABSTRACT 


Targeted genome editing technology has been 
widely used in biomedical studies. The CRISPR- 
associated RNA-guided endonuclease Cas9 has 
become a versatile genome editing tool. The 
CRISPR/Cas9 system is useful for studying gene 
function through efficient knock-out, knock-in or 
chromatin modification of the targeted gene loci in 
various cell types and organisms. It can be applied 
in a number of fields, such as genetic breeding, 


disease treatment and gene functional investigation. 


In this review, we introduce the most recent 
developments and applications, the challenges, 
and future directions of Cas9 in generating disease 
animal model. Derived from the CRISPR adaptive 
immune system of bacteria, the development trend 
of Cas9 will inevitably fuel the vital applications 
from basic research to biotechnology and bio- 
medicine. 


Keywords: CRISPR/Cas9; Animal models; Gene 
therapy 


INTRODUCTION 


With more and more patient genomes have been sequenced, a 
large number of mutations were identified. It has been a primary 
task to determine the relationship between these mutations and 
diseases. Genome editing refers to the manipulation of the 
specific gene loci to gain genome modifications, such as 
insertions, deletions or point mutations (Cong et al., 2013; Gaj 
et al., 2013). The appearance of the DNA recombination 
technology opened the door of molecule biology in the 1970s. 
Biologists can, for the first time, directly manipulate the DNA 
molecules and perform some simple genome editing. These 
molecule biology tools are essential for elucidating the function 
of targeted genes and regulatory factors. Precise genome 
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editing can help us to generate disease-associated animal 
models (Dow, 2015). What’s more, genome editing technology 
is sparking a new revolution on drug development and gene 
therapy (Gori et al., 2015). 

Recent advances in genome editing technologies based on 
programmable nucleases are fruitful, especially the birth of the 
clustered regularly interspaced short palindromic repeats 
(CRISPR)/CRISPR-associated enzyme 9 (Cas9) system. Just a 
few years ago, meganucleases (Thermes et al., 2002), zinc 
fingers nucleases (ZFN)( Geurts et al., 2009) and transcription 
activator-like effector nucleases (TALEN) (Cermak et al., 2011) 
play leading roles in genome editing. Although ZFN and TALEN 
were demonstrated to be successful gene editing techniques, 
many drawbacks including time-consuming, low efficiency and 
specificity significantly restrict their application (Gaj et al., 2013). 
As a new genome editing technique, CRISPR/Cas9, derived 
from bacteria or archaea adaptive immune system, can edit 
genome much more efficiently and specifically (Garneau et al., 
2010; Jansen et al., 2002; Jinek et al., 2012). CRISPR/Cas9 
has proven to be a powerful and versatile tool for genome 
engineering in multiple cell types and organisms. Up to now, 
CRISPR/Cas9 has been successfully applied in bacteria 
(Bikard et al., 2013; Selle et al., 2015), yeast (DiCarlo et al., 
2015; Lee et al., 2015; Mans et al., 2015; Tsai et al., 2015), C. 
elegans (Chen et al., 2014, 2015c), Drosophila (Bassett et al., 
2013; Gratz et al., 2013), rice (Xu et al., 2014, 2015b; Zhang et 
al., 2014), zebrafish ( Varshney et al., 2015), mouse (Shen et 
al., 2013), monkey (Niu et al., 2014) and human beings (Mali et 
al., 2013). 
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In this review, we first introduce the latest developments 
and applications of CRISPR/Cas9 in the past several years. 
Following that, the origin, formation and functional 
mechanism of CRISPR/Cas9 are summarized. Next, we 
focus on the applications of this technique in generating 
disease animal models. Finally, challenges and future 
directions are discussed. 


The history of CRISPR/Cas system 

The history of CRISPR/Cas9 system development is short and 
rapid (Figure 1). Ishino et al. (1987) first discovered a group of 29- 
nucleotide repeats divided by non-repetitive short sequences in E. 
coli, which is now known as spacers. The following researches 


Evdence for CRISPR 

ive immunity 
Barrangou et al. 
(2007) 


A duplex structure 
associated with Cas9 
was formed by 


First observation 
of CRISPR 
clustered repeats 


Ishino et al. Delicheva et al. 


adopted 
and defined signature 


Jansen et al. 


CRISPR/Cas9 genome 


found that the similar interspaced repeats widely exist in the 
genomes of bacteria and the archaea (Mojica et al., 2000). 
Jansent et al. (2002) further studied the short repetitive DNA 
sequences in prokaryotes. The authors named the family as the 
clustered regularly interspaced short palindromic repeats 
(CRISPR). Meanwhile, they identified four CRISPR-associated 
(Cas) genes, suggesting that CRISPR/Cas system might play an 
important role in biological processes. In 2005, three groups 
linked this kind of element to the immune system of defending 
against invading DNA (Bolotin et al., 2005; Mojica et al., 2005; 
Pourcel et al., 2005). Marakova et al. (2006) predicted that 
CRISPR might function as immunity defenders through the 
mechanism analogous to eukaryotic RNA interference (RNAi). 
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Figure 1 Time line of the CRISPR/Cas system development 
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Important scientific events happened in the history of CRISPR/Cas9 over the past 30 years. 


A key turning point came in 2007, Barrangou et al. (2007) first 
determined that CRISPR-induced immunity was used to protect 
bacteria from phage. Marraffini & Sontheimer (2008) did an 
experiment on S. epidermidis CRISPRs and found that the 
bacteria CRISPR system could prevent the transfer of 
exogenous plasmid. Because of these important findings, 
biologists opened the door of elucidating the function 
mechanism of CRISPR/Cas system. The development of 
CRISPR/Cas has been dramatically accelerated. Garneau et al. 
(2010) reveled that spacer sequences guided Cas9 to cleave 
target DNA. Deltcheva et al. (2011) found that a duplex 
structure was formed by tracrRNA and crRNA and associated 
with Cas9. Jinek et al. (2012) demonstrated that Cas9 was an 
RNA guided endonuclease. Cong et al. (2013) first used 
CRISPR/Cas9 in eukaryotic cells and successfully achieved 
efficient and specific genome editing. Nishimasu et al. (2014) 
addressed the crystal structure of Cas9 and characterized the 
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interactions between Cas9 and gRNA and target DNA. Then 
Wang et al. (2014) developed gRNA libraries and combined 
with Cas9 for genome-wide screening. The true value of 
technology is application, in early 2015, Ousterout et al. (2015) 
used multiplex CRISPR/Cas9 to cure Duchenne muscular 
dystrophy in mouse model. Meanwhile, Ran et al. (2015) from 
MIT identified a smaller Cas9, saCas9, which was proved to be 
more efficient and specific in mammal genome editing. 

Recently, Zetsche et al. (2015) found a new gene editing 
system, CRISPR/Cpf1. The researchers compared Cpf1 from 
16 different bacterial enzymes and found two Cpf1 to shear 
human DNA. They demonstrated that Cpfi mediates robust 
DNA interference with features distinct from Cas9. Cpf1 is a 
single RNA-guided endonuclease lacking tracrRNA and utilizes 
a T-rich protospacer-adjacent motif. Moreover, Cpf1 cleaves 
DNA via a staggered DNA double-strand break (DSB). All these 
features broaden our understanding of CRISPR/Cas systems 


and extend their genome editing applications. With further 
investigation, more specific and efficient genome editing system 
may be found to substitute the traditional CRISPR/Cas9. 


Structure of CRISPR/Cas9 
To date, three types (1-3) of CRISPR systems have been 
identified in a wide range of bacteria and archaea (Chylinski et 
al., 2014; Garneau et al., 2010; Makarova et al., 2011). They 
share three similar construction elements: a group of CRISPR- 
associated (Cas) genes, CRISPR RNA (crRNA) and trans- 
activating CRISPR RNA (tracrRNA) (Bolotin et al., 2005; 
Garneau et al., 2010; Ran et al., 2013a). CRISPR/Cas9 
belongs to the type 2 CRISPR system and has been widely 
used in genome editing of cells and organisms. In type 2 
CRISPR system, Cas9 is a critical component, which is an 
RNA-guided DNA endounuclease enzyme associated with the 
CRISPR adaptive immunity system in Streptococcus pyogenes 
and other bacteria (Jinek et al., 2012; Chylinski et al., 2014). 
SpCas9, the most common used Cas9, was acquired from S. 
pyogenes. In the host, it is produced to degrade the invading 
plasmids or virus with the guidance of crRNA and tracrRNA 
(Garneau et al., 2010; Jinek et al., 2012). 

From the structure of CRISPR-Cas9, scientists uncovered 
that the Cas9 protein had two functional domains: RuvC and 
HNH (Figure 2), each nicks one strand of the target DNA and 


Target DNA 
5! 


generates a DSB together (Gasiunas et al., 2012). Specificity 
of cleavage is determined by the matured crRNA, which 
targets complementary DNA, flanked by a short protospacer 
adjacent motif (PAM). Additionally, tracrRNA is essential to 
recognize and cleavage target genes when forms loop with 
crRNA (Jinek et al., 2012; Upadhyay et al., 2013). Structurally, 
the native crRNA and tracrRNA duplex can be fused together 
to create an engineered chimeric, single guide RNA (sgRNA). 
Typical sgRNA consists of a 20-nt sequence determining the 
target DNA recognition according to Watson-Crick base 
pairing (Jinek et al., 2012). CRISPR/Cas9 can be guided to 
any target sequence adjacent PAM by changing the sgRNA 
sequence. A key feature of Cas9 recognition and cleavage is 
based on the PAM near the 3' terminal of the target sequence 
(Jinek et al., 2012; Sternberg et al., 2014). Different Cas9 
orthologs have different PAM sequences. For example, the 
widely used spCas9 has a common 5'-NGG-3', or at a low 
frequency of 5'-NAG-3' PAM. To determine the function of 
Cas9 nuclease, researchers analyzed the crystal structure of 
Cas9 protein in detail by X-ray crystallography (Nishimasu et 
al., 2014) and determined that the core structure of Cas9 was 
consist of two major lobes, a Cas9 recognition (REC) domain 
and a nuclease (NUC) lobe (Figure 2), both of this lobes are 
essential for site-specific gene editing (Anders et al., 2014; 
Jinek et al., 2014). 
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Figure 2 Schematic of the structure of the RNA-guided Cas9 nuclease 





CRISPR/Cas9 contains two functional lobes, REC (red) and NUC (black). REC lobe is the Cas9 recognition domain interacting with the sgRNA (green), 
while the NUC lobe consisting of two nuclease domains (RUVC and HNH) drives the interaction with the PAM and target sequence, leading to a DSB 


after each nick one DNA-strand. 


The mechanism of Cas9-mediated genome editing 

The CRISPR/Cas9 system in nature is used to protect bacteria 
or archaea from invading genetic elements by recognizing and 
degrading them (Bikard et al., 2013; Garneau et al., 2010). 
Scientists utilize this feature and reconstruct some programmable 
engineered Cas9 nucleases from bacteria or archaea. As an 
example, human codon-optimized Cas9 and the requisite 
sgRNA are widely used in genome editing of animal cells and 
organisms. The mechanism of Cas9-mediated genome editing 
can simply divided into three steps. 


Recognition 

Accurate recognition of target sequence is critical for precision 
cleavage. The REC domain of Cas9 played an important role in 
the interactions between sgRNA and Cas9 (Jinek et al., 2014). 
After sgRNA-Cas9 complex formation, the Cas9 nuclease 
recognizes and binds to the target sequence (Anders et al., 
2014). spCas9 could be directed to any target of interest 
upstream of a requisite 5'-NGG PAM through RNA-DNA base 
pairing (Cong et al., 2013). PAM is very important for sgRNA- 
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Cas9 binding to right locus of target gene. When Cas9 
recognizes PAM, sgRNA-Cas9 utilize complementary base 
pairing reactions to read out and capture the DNA of interest, 
gain site-specific binding and avoid unexpected self- 
mutilation (Sternberg et al., 2014). Anders et al. ( 2014) 
reveled that target DNA unwinding and recognition by Cas9 
are PAM-dependent. The CRISPR-Cas9 nuclease 
selectively bonds a target DNA containing a canonical 5'- 
NGG-3' PAM and unzips DNA complementary to the seed 
sequence of sgRNA to generate a sgRNA-target DNA 
heterodupex and trigger R-loop formation. 


Cleavage 
CRISPR/Cas9-mediated genome editing depends on the 


Deletions 


Insertions 


Figure 3 The mechanism of CRISPR/Cas9-mediated genome editing 





generation of DSB and subsequent cellular DNA repair process 
(Figure 3). Once the target sequence is recognized and created 
a RNA-DNA heteroduplex, the target dsDNA destabilized at the 
PAM motif. These actions catalytically activate the two 
functional nickase domains (HNH and RuvC) of Cas9. The 
double-stranded endonuclease activity of Cas9 also requires 
PAM motif. In fact, even fully complementary sequence are 
ignored by Cas9-sgRNA in the absence of PAM sequence 
(Anders et al., 2014; Nishimasu et al., 2014; Sternberg et al., 
2014). During the cleavage of target DNA, Cas9 functions like a 
scissor, with the HNH nuclease domain nicking the DNA strand 
complementary to the guide RNA, the RuvC domain cutting the 
displaced strand, yielding a site-specific DSB (Gasiunas et al., 
2012; Jinek et al., 2012 ). 


== 3! 
_5! Cas9-induced double strand break 
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When Cas9 induces DSB, two repair approaches, NHEJ and HDR can be activated. The error-prone NHEJ pathway can result in random deletions or 
insertions at the site of junction, while HDR pathway can be used within a repair template, leading to precise genome editing. 


Repair 

The presence of nuclease-induced DSBs in the DNA activates 
two mainly repair machineries, including non-homologous end 
joining (NHEJ) pathway and homology-directed repair pathway. 
In the NHEJ-mediated error-prone DNA repair process, both 
ends of a DSB are processed by endogenous DNA repair 
machinery and rejoined, which can generate random indel 
(insertion and deletion) mutations at target sites. If indel 
mutations occur within the coding region of a gene, it may result 
in frame shifts and the generation of a premature stop codon, 
leading to gene disruption or knockout. In addition, DSB can 
also initiate HDR-mediated DNA repair, which requires a 
homology-containing donor dsDNA sequence or ssDNA as a 
repair template. The HDR pathway allows high fidelity and 
precise editing. What is more, single-base substitution mutation 
or long target sequence insertion can be easily achieved 
through HDR (Anders et al., 2015; Chen et al., 2015f; Chu et al., 
2015; Cong et al., 2013). 
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The strategy to generate CRISPR/Cas9 system for genome 
editing 

As a new promising genome editing technology, RNA-guided 
CRISPR/Cas9 technique was rapidly developed. Based on 
the principle of the RNA-guided CRISPR/Cas9 system, the 
two essential components, Cas9 and sgRNA expression 
cassettes, are designed (Figure 4). Typically, the Cas9 gene 
has been codon optimized for expression in a variety of cell 
types and organisms and tagged with a nuclear localization 
signal. To date, over 300 kinds of Cas9 plasmids have been 
deposited to the Addgene database. Among these plasmids, 
most of them belong to spCas9, which has been extensively 
studied. 

Biologists initially utilized Cas9 and sgRNA expression 
vectors separately (Cong et al., 2013; Gilbert et al., 2014). 
Some began to use simple all-in-one expression system 
(Sakuma et al., 2014). In fact, both strategies have been 
successfully applied in many cell types and organisms. The 
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Figure 4 The overview of CRISP/Cas9 generation and application 





Assemble of sgRNA and Cas9 


Lentivirus 


A: Target sequence slection and sgRNA design. Based on the PAM site, 20-nt target sequences can be easily choosed on on-line softwares, and this 
method can also evaluate and minimize off-target effects; B: sgRNA and Cas9 expression. Left: The Cas9 expression plasmid and a U6-driver sgRNA 
expression cassette are separately delivered. Right: sgRNA and Cas9 are expressed in the same vector; C: Deliver to cells or organisms. Viral and no- 
viral approaches are widely used to facilitate the delivery of CRISPR/Cas9 system; D: Application of CRISPR/Cas9. This system has successfully 
applied in many cell types and organisms, whatever in vivo or invitro, Cas9-mediated genome editing greatly promotes the development of basic 


science to clinical research. 


all-in-one expression plasmids of Cas9 and sgRNA can be 
purchased from many biological companies. Users just need to 
design appropriate sgRNA according to the position of PAM 
sequence. Several groups developed and provided online 
CRISPR design tools, such as the ZiFiT Targeter software 
(Sander et al., 2007) and the CRISPR DesignTool (http: // 
crispr.mit.edu/) (Hsu et al., 2013). 

The promoter used to initiate the sgRNA expression can 
affect the Cas9-mediated genome editing. It’s worth noting 
that the widely used U6 promoter prefers a guanine (G) 


nucleotide as the first base of its transcript, an extra G is 
appended at the 5' of the sgRNA when the 20-nt guide 
sequence does not begin with G (Ran et al., 2013a). More 
than two sgRNAs for a target locus should be designed 
simultaneously. 


Minimization of off-target activity 

Cas9 nucleases have been widely adopted for simple and 
robust targeted genome editing but also have the potential to 
induce high frequency off-target mutations (Fu et al., 2013). It is 
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well understood that sgRNA can tolerate certain mismatches to 
the DNA targets and thereby promote undesired off-target 
mutagenesis (Cong & Zhang, 2015). To minimize the off-target 
effects, the following standards should be kept when designing 
sgRNAs (Hsu et al., 2013): (1) Minimization of pairing bases 
between sgRNA and the predicted off-target site sequence; (2) 
At least two bases can not match between sgRNA and the 
predicted off-target site adjacent to PAM; (3) Avoid four 
continuous or interspaced base pairing between sgRNA and off- 
target sequence. 

Over the last few years, engineered Cas9 nucleases and 
optimized guide RNA have been greatly improve the off-target 
activity of CRISPR/Cas9. The D10A mutant Cas9 nickase 
(Cas9n) significantly increases the specificity of genome editing 
(Ran et al., 2013b). Combination Cas9n and certain truncated 
sgRNAs could further reduce the off-target effects (Ren et al., 
2014). Cas9 can also be transformed into a catalytically inactive, 
“dead” Cas9 (dCas9) and fused to the catalytic domain of the 
Fokl nuclease (Guilinger et al., 2014). Fokl-dCas9 can generate 
DSBs at the target site after dimmerization (Wyvekens et al., 
2015). Although these methods significantly improved Cas9 
cleavage specificity, there are various drawbacks, such as a 
decreased number of potential target sites, the need of multiple 
guides delivery, and increasing the nuclease protein size. 


Increase of targeting efficiency 

Identification of novel Cas9 orthologs, or chemical modification 
of the sgRNA may further improve this cutting edge technology. 
In early 2015, a small Cas9 from S. aureus subsp. was 
identified through a metagenomic screen of Cas9 orthologs. 
Comparing to spCas9, aureus Cas9 (saCas9) cleaves 
mammalian endogenous DNA with higher efficiency. Because 
of smaller protein size, saCas9 can be easily packaged into 
adeno-associated virus for expression (Ran et al., 2015). 
Recently, Zhang F and his colleagues created an “enhanced 
specificity’ SpCas9, called eSpCas9, showing robust on-target 
cleavage (Slaymaker et al., 2016). 


The function and application of the engineered CRISPR/ 
Cas9 system 

In 2013, Zhang F et al. first successfully applied the CRISPR/ 
Cas9 system in mammalian genome editing (Cong et al., 2013). 
The CRISPR/Cas9 system could be used for gene functional 
identification, generation of animal models and gene therapy 
(Figure 4). 


Gene functional identification 

Gene knockout is a fundamental strategy for investigating 
physiological and pathological functions of a defined gene. 
Functional genomic screening has been extensively used to 
identify functional genes. The mostly used RNAi has been 
mainly applied for large-scale genome screening (Kamath & 
Ahringer, 2003; Yu et al., 2015). However, RNAi has severe off- 
target effects (Jackson & Linsley, 2010). In addition, RNAi could 
not completely silence the target gene. Partial suppression of 
gene expression is often insufficient to generate remarkable 
changes in phenotype, which leads to high false-positive and 
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false-negative rates (Echeverri et al., 2006; Vu et al., 2015). 
The CRISPR/Cas9 system has been rapidly developed into a 
large-scale function-based screening in 2014 (Gilbert et al., 
2014; Shalem et al., 2014; Wang et al., 2014). It has been 
successfully used in various genome-scale loss-of-function 
screening. 

Wang et al. (2014) used a lentiviral sgRNA library targeting 
approximately 7 000 human genes to perform a positive 
selection screening based on cell viability resistance to 6- 
thioguanine. All expected genes related to the DNA mismatch 
repair pathway have been identified. Similarly, Shalem et al. 
developed a genome-scale CRISPR/ Cas9 knockout library and 
successfully used it to screen genes associated with the 
resistance to vemurafenib, a cancer therapeutic agent for late- 
state melanoma (Shalem et al., 2014). 

In addition, CRISPR-mediated repression (CRISPRi) and 
activation (CRISPRa) have been demonstrated as robust tools 
for functional genome screening in gene expression modulation. 
Rather than inactivating genes by the introduction of indels after 
DSBs, CRISPRi, consisting of a catalytically inactive Cas9 
(dCas9) and a guide RNA, has been show to specifically and 
efficiently inhibit the transcription of target genes in E. coli and 
mammalian cells when the dCas9 is recruited to a 
transcriptional inhibitory domain (Gilbert et al., 2013), whereas 
a dCas9 tethered to a transcriptional activation domain has 
been used to activate the expression of target endogenous 
genes (Gilbert et al., 2014; Kampmann et al., 2015 ). Genome- 
scale CRISPRi/a libraries has been successfully used to identify 
mediators for cellular sensitivity to a cholera-diptheria fusion 
toxin, as well as essential genes for proliferation, differentiation, 
tumor suppression and so on. What’s more, CRISPRa offers 
the ability for gain-of-function, which provides a good way to 
study a novel gene. It has been shown that the dCas9 
activation complexes, with a sgRNA library, can activate 
multiple genes simultaneously, upregulate long non-coding RNA 
transcripts and identify genes conferring resistance to a BRAF 
inhibitor in melanoma (Konermann et al., 2015). These results 
indicate that the CRISPR/Cas9 technology is a versatile 
functional genomic screening tool for discovering crucial genes 
in various biological processes. 


Generation of animal models 

Animal models are potent tools for understanding human 
disease pathogenesis and developing novel therapeutics 
(Ohtori et al., 2015; Stewart & Kalueff, 2015). Traditional gene 
targeting strategy depends on homologous recombination of 
embryonic stem cells. However, low efficiency severely limits its 
application. The CRISPR/Cas9 technology greatly improves the 
efficiency of generating gene targeting animal model (Gaj et al., 
2013). CRISPR has been used to generate genetically modified 
mouse models such as KO/KI models, somatic genome editing 
models (Dow, 2015; Flynn et al., 2015; Mou et al., 2015). 
Moreover, Fujii et al. (2013) successfully generated large-scale 
genome-modified mice using the CRISPR/Cas9 system. Both 
KI and KO mouse models could be effectively gained with the 
added benefit of reduced levels of off-target effects by 
application of mutated Cas9n nucleases. One advantage of this 


technology is to target multiple genes at the same time, which 
greatly promotes the study of multiple gene interactions. For 
example, Wang et al. (2013) simultaneously targeted five genes 
in mES cells using this technology. 

Rapid progress of CRISPR/Cas9-mediated genome engineering 
enables rapid functional identification of putative human 
disease genes in different models via somatic genome editing 
in vivo (Table 1). Xue et al. (2014) used hydrodynamic injection 
to deliver a CRISPR plasmid DNA expressing Cas9 and 
sgRNAs to liver, and CRISPR-mediated pTEN mutation alone 
or in combination with p53 mutation phenocopies the effects of 
pTEN and p53 knockout using Cre-LoxP technology. 
Furthermore, they delivered an activated mutant B-catenin gene 
into hepatocytes through co-injection of Cas9 plasmids 
expressing sgRNAs targeting B-catenin and a single-stranded 
DNA olignucleotide donor carrying activating point mutations 
(Xue et al., 2014). This study demonstrates that CRISPR/Cas9 
can be used, feasibly and directly, to modify tumor suppressor 
genes and oncogenes in somatic tissues, providing a new 


Furthermore, Sa nchez-Rivera et al. (2014) developed pSECC, 
a lentiviral-based delivery system that delivers both CRISPR 
system and Cre recombinase selectively to lung and other 
tissues. Using this system, they demonstrated that CRISPR- 
induced genome editing of tumor suppressor genes combined 
with Cre-dependent somatic activation of oncogenic Kras©'2° 
lead to lung adenocarcinomas. This rapid somatic genome 
engineering approach further expands the application of 
CRISPR/Cas9 in generation of animal models. Using Cas9 KI 
mice, Platt et al. (2014) easily create lung adnocarcinomas 
models by simultaneously delivering a single AAV vector 
carrying mutations in p53, Lkb1 and Kras©"” in the lung. 
Cas9-mediated target genome editing could be used for 
rapidly generating genome modification in various organisms 
beside mouse. Other traditional animal models with heritable 
germline modification, high-efficiency of specific mutations, and 
transgenic, tissue-specific, inducible editing have been 
efficiently and rapidly produced with this next generation 
genome editing technology, including C. elegans (Long et al., 


approach for rapid development 


of disease models. 


Table 1 CRISPR/Cas9-mediated generation of animal models and application in human health 


2015), D. melanogaster (Lin et al., 2015) and Danio rerio (Li et 





Organism Disease type and application Strategy References 
Zebrafish Pfeiffer Syndrome HDR induces Pro252Arg gain of function Tomaszewski et al., 2015 
Xenopus Albinism NHEJ-induced simultaneous disruption of two X. Wang et al., 2015b 
laevis tyrosinase homeologs 
Mouse Liver and lung carcinoma p53, pTEN, KRAS and B-catenin Xue et al., 2014; Sanchez-Rivera 
et al., 2014; Platt et al., 2014 
Pancreatic cancer Lkb1 deletion and Kras modification Chiou et al., 2015 
Medulloblastoma and glioblastoma Somatic gene modification of Ptch1 or multiple | Zuckermann et al., 2015 
genes (p53, pTEN, Nf1) 
Genome-wide screening for tumor genes Knock-in mice with gRNA are used to screen oncogenes Chen et al., 2015b 
Rett syndrome Generation of MeCP2-dificient mice Tsuchiya et al., 2015 
Cataracts HDR-induced correction of mutant Crygc gene Wu et al., 2013 
Acute myeloid leukemia Lentivirus-delivered sgRNA: Cas9 is used to modify Heckl et al., 2014 
several cancer driver genes together 
HBV Cleave HBV DNA Ramanan, et al., 2015; Lin et 
al., 2014 
Alveolar Rnabdomyosarcoma Pax3-Foxo1 chromosome translocation Lagutina et al., 2015 
Rat Duchenne muscular dystrophy (DMD) Edit two exons in the rat Dmd gene Nakamura et al., 2014 
Rabbit Tyrosinase disorders Zygote direct injection of Cas9 and sgRNA to Honda etal., 2015 
tyrosinase gene 
Pig Gene-modified pigs One-stage-embryo injection of Cas9/sgRNA Wang et al., 2015c 
Generation of B Cell-Deficient Pigs IgM-targeting Cas9 delivery to produce B cell- Chen etal., 2015a 
deficient mutant pigs by somatic cell nuclear transfer 
(SCNT) technology 
Monkey Gene-modified cynomolgus monkey Coinjection of one-cell embryos with Cas9 mRNA Niu et al., 2014 


Human AHC-HH 
Duchenne muscular dystrophy (DMD) 


and sgRNAs 
Dax1-null mutations 


Monkey dystrophin gene disruption 


Kang et al., 2015 
Chen et al., 2015e 
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al., 2015b). CRISPR/Cas9-mediated multi-gene targeting and 
conditional allele modifications have been successfully applied 
in generation of new transgenic rat models (Nakamura et al., 
2014). Furthermore, the CRISPR/Cas9 technology has been 
proved to be effective in large mammalian animal models, such 
as pigs and non-human primates. Wang et al. (2015c) 
demonstrated that co-injection Cas9 mRNA and target gene 
sgRNA into one-cell stage embryos is an efficient and reliable 
approach for generation of gene-modified pigs. Recently Yang 
L’s work caused great attention because she successfully 
knockout all copies of the PERV pol gene in pigs and trigger a 
1000-fold reduction of PERV infectivity of human cells, which 
made pigs almost perfect animal for generating transplantation 
organs for human beings (Yang et al., 2015). Non-human 
primates are the best animal model for studying human 
neurodegenerative diseases. In 2014, Chen Y. et al. first 
achieved precise gene targeting in cynomolgus monkeys by co- 
injection of Cas9 mRNA and sgRNAs into one-cell-stage 
embryos (Chen et al., 2015d). Tree shrew has been proved to 
be a suitable animal model for breast cancer (Ge et al., 2016; 
Xia et al., 2014; Xu et al., 2013), it is worth to use the 
CRISPR/Cas9 system to generate breast cancer tree shrew 
models in the future. 


CRISPR-Cas9 based therapeutics 

CRISPR/Cas9-mediated genome editing provides a promising 
strategy for gene therapy of human diseases through correcting 
disease-causing mutations or inserting new protective genes. In 
2013, Wu et al. (2013) first corrected a dominant Crygc gene 
mutation in a cataracts mouse model by co-injection of Cas9 
mRNA and sgRNA targeting the mutant Crygc allele into 
zygotes, together with a HDR template. A study in 2014 showed 
that CRISPR/Cas9-based gene modification can be used to 
correct the dystrophin gene (Dmd) mutation in the germline of 
mdx mice, a model for Duchenne muscular dystrophy (DMD), 
providing a promising approach for correction of disease- 
causing mutations in the muscle tissue of patients (Long et al., 
2014). 

Considering that the CRISPR/Cas9 system was. initially 
discovered as an adaptive immune system against virus and 
phages in bacteria and archaea, it is a natural idea to use the 
system as an anti-viral therapeutic for treating infectious 
diseases by eliminating pathogen genomes from infected 
individuals, such as HBV and HIV. Although current 
technologies can inhibit the covalently closed circular viral DNA 
template (cccDNA) of HBV, it is still difficult to destroy the virus. 
Nevertheless, Ramanan et al. (2015) found that sustained 
expression of Cas9 and sgRNA targeting the cccDNA in cell 
culture can dramatically reduce the cccDNA and other 
parameters of viral gene expression and replication by directly 
cleavage of cccDNA, demonstrating that directly targeting viral 
episomal DNA is a novel anti-viral therapy approach for 
completely eradicating infectious diseases. In addition, HIV-1 
remains to be cured in spite of application of antiretroviral 
therapy (ART). In fact, the persistence of HIV reservoirs can be 
controlled but not be completely cleared by current ART (Archin 
et al., 2012). CRISPR/Cas9-based gene therapy offered a new 
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tool to modify the targeted intervention points, such as CD4* 
receptor and the CCR5 (Ebina et al., 2013; Li et al., 2015a). Hu 
et al. (2014) showed that CRISPR/Cas9 can be used to disrupt 
latent HIV infection and also block new HIV infection. Similarly, 
Liao et al. (2015) recently demonstrated that engineered human 
IPS stably expressing Cas9 and HIV-targeted sgRNA was able 
to be efficiently differentiated into HIV reservoir cell types and 
keep their resistance to HIV-1 challenge, providing long-term 
adaptive defense against new viral infection, expression and 
replication in human cells. All these results reveal that the 
CRISPR/Cas9 system is a new effective therapeutic strategy 
against viral infections and holds the great promise of 
eradicating infectious diseases. 


CHANLLENGES AND PROSPECTS 


CRISPR/Cas9, as the robust, specific and efficient genome 
editing tool, has greatly enhanced the development of biology. 
CRISPR/Cas9 opens the door from basic research to clinical 
applications. The rapid progress of development and 
application of the CRISPR/Cas9 technology has been boosted 
now. In spite of the enormous potential of CRISPR/Cas9 in 
genome editing from basic biology to translational medicine, the 
challenges still exist and need to be addressed. 


The development of CRISPR/Cas9 technology 

In the future, efforts should be made to increase the specificity, 
reduce the off-target effects and develop efficient delivery 
methods of CRISPR/Cas9. 

Although Cas9 from S. pyogenes is the enzyme most 
extensively used, there are some limitations because the 
spCas9 gene size is quite large (>4 000 bp) and is difficult to 
be efficiently packaged into many virus vectors. In addition, 
spCas9-dependent PAM is just NGG or NAG, which highly 
restricts the selective cleavage sites of target. It is a 
challenge to explore more efficient Cas9 enzymes from 
native bacteria or archaea, as well as recombinant Cas9. 
Besides Cas9D10A and dCas9 of spCas9, saCas9 has been 
identified as a more efficient enzyme (Nishimasu et al., 2015; 
Ran et al., 2015). SaCa9 holds a great promise to expand 
this technology in genome editing and in vivo therapy. It is 
possible that thousands of spCas9 orthologs could be 
identified from other species. Some innovative 
improvements, such as photoactivatable CRISPR/Cas9 and 
CRISPR/Cpf1 (Nihongaki et al., 2015; Zetsche et al., 2015), 
has been developed. The former makes it possible for 
optogenetic control of targeted genome editing, which 
facilitates better understanding of complex gene networks 
and could precisely control genome modification in 
biomedical applications. The latter is a new genome editing 
system in which Cpf1 orthologs exhibit robust nuclease 
activity in human cells. Recently more exciting achievement 
of CRISPR/Cas9, named self-cloning CRISPR/Cas9 
(scCRISPR), was developed to more economic and time 
saving in specific and efficient target genome editing (Arbab 
et al., 2015). 

Although more suitable Cas9 enzymes are coming into 


being, the off-target effects remain a big problem. Other 
than modified Cas9, highly specific sgRNA design is 
crucial for minimization of off-target effects. Specific PAM 
sequence directs sgRNA design (Hsu et al., 2013). Based 
on the features of CRISPR/Cas9 recognition and cleavage, 
it's necessary to design sgRNA targeting a highly unique 
genomic region (Hsu et al., 2013). To efficiently and quickly 
design high specific sgRNAs, in silico prediction tools are 
commonly used, such as CRISPR Design (Hsu et al., 
2013), CRISPRdirect (Naito et al., 2015), ZiFit Targeter 
(Sander et al., 2007), Cas9 designer (Park et al., 2015), E- 
CRISP (Heigwer et al., 2014), CHOPCHOP (Montague et 
al., 2014), sgRNACas9 (Xie et al., 2014) and Protospacer 
Workbench (MacPherson & Scherf, 2015). These online or 
off-line software has their unique characteristics. It’s still a 
big challenge to develop better approaches to design high 
specific and efficient sgRNA for targeting genome 
modification. 

Additionally, the methods for delivery of Cas9 and sgRNA 
need to be optimized for application in diverse cell types or 
organisms, especially for human gene therapy. Transient 
expression of Cas9-mediated genome editing permits 
consideration of a range of delivery choices for therapeutic 
application. Viral delivery methods, including self-inactivating 
lentivirus, adenovirus, and AAV, provide an_ efficient 
Cas9/sgRNA delivery approach for somatic genome editing 
(Chiou et al., 2015; Sanchez-Rivera et al., 2014). However, 
delivery of plasmid DNA, Cas9 mRNA, in vitro synthesized or 
transcribed sgRNA, Cas9/sgRNA complexes and donor nucleic 
acid templates can be achieved through other approaches, 
including electroporation (Hashimoto & Takemoto, 2015), lipid- 
based transfection (Hendriks et al., 2007), hydrodynamic 
delivery (Wang et al., 2015a) and induced osmocytosis (Liu et 
al., 2015). Recently, a novel and simple microinjection- 
independent technique, called genome-editing via Oviductal 
Nucleic Acids Delivery, was established to effectively deliver 
Cas9 mRNA/sgRNAs to pre-implantation embryos within the 
intact mouse oviduct (Takahashi et al., 2015). All these 
methods have been broadly used both in vitro and in vivo for 
genome editing. Nevertheless, it still remains a big 
challenge to efficiently and specifically deliver Cas9/sgRNA 
into cells or tissues with minimizing side-effects. More 
attentions should be paid to develop novel robust delivery 
methods for CRISPR/Cas9. 


The ethical problems and safety 

CRISPR/Cas9 has been triggering revolution in biomedicine. It 
shows great potential in application for human genetic diseases, 
including drug target validation (Housden et al., 2015; Shi et al., 
2015) and gene therapy (Lu et al., 2015; Xu et al., 2015a). As 
described above, CRISPR/Cas9 can be used to cure genetic 
diseases, including brain genetic disorders, immune diseases, 
cancers and some infectious diseases in animal models, 
providing promising platform for developing efficient and 
specific therapies for human diseases. However, it is still a long 
way to apply CRISPR/Cas9 in clinic. In April 2015, geneticists 
from Guangzhou, China firstly published the use of CRISPR/ 


Cas9 in human embryos attempting to eradicate the disease 
causing gene of HBB (Human B-globin) directly from the germ 
line (Liang et al., 2015). As the study was first manipulated in 
human zygotes, which shows great promise in generation of 
hereditable human genome editing. However, This study also 
raised a debate concerning the ethical considerations and 
application safety in human diseases. Whether we have the 
right to produce desired babies should be seriously considered. 
As a matter of fact, we almost can not completely avoid off- 
target effects at present. 

Additionally, whether we should delete a disease gene should 
be seriously considered. Recently, Rossi et al. (2015) found that 
deleterious mutations but not gene knockdowns can induce 
genetic compensation when they compared CRISPR-mediated 
egfl7 mutants with egfl7 knockdown of zebrafish. We should 
think twice before we decide to delete or block deleterious 
genes when using genetic engineering technologies. 

Although CRISPR/Cas9 has been proved to be an efficient 
and site-specific approach for gene therapy, it is still a long way 
to apply this technology in patients. We must ensure the high- 
specificity of CRISPR/Cas9 for target sites and avoid possible 
off-target effects by choosing effective therapeutic targets, 
designing high-specific sgRNAs and using delivery system with 
high efficiency and low toxicity. With the development of this 
cutting edge technology, we believe that CRISPR/Cas9 opens 
up exciting possibilities for applications across basic science, 
biotechnology, and medicine. 
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ABSTRACT 


With the development of high-throughput 
sequencing technology in the post-genomic era, 
researchers have concentrated their efforts on 
elucidating the relationships between genes and 
their corresponding functions. Recently, important 
progress has been achieved in the generation of 
genetically modified mice based on CRISPR/Cas9 
and haploid embryonic stem cell (haESC) 
approaches, which provide new platforms for gene 
function analysis, human disease modeling, and 
gene therapy. Here, we review the CRISPR/Cas9 
and haESC technology for the generation of 
genetically modified mice and discuss the key 
challenges in the application of these approaches. 


Keywords: CRISPR/Cas9; Haploid embryonic stem 
cells; Mouse; Genetic modification 


INTRODUCTION 


With the development of high-throughput sequencing and 
biological technology, a growing number of genes related to 
human disease and development have been mapped. It is 
therefore important to rapidly and efficiently develop animal 
models with which to evaluate the functions of these genes. 
Traditional transgenic animal generation is dependent on 
embryonic stem cells (ESCs) and homologous recombination 
techniques (Capecchi, 1989), which yield a higher success 
efficiency compared to other strategies, including direct viral 
infection (Jaenisch & Mintz, 1974), pronuclear microinjection of 
DNA (Palmiter et al., 1982), sperm vector (Maione et al., 1998), 
and somatic cell nuclear transfer (Schnieke et al., 1997). 
However, disadvantages, such as low efficiency, time 
consumption and species limitations, exist in ESC-mediated 
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transgenic animal generation. The emergence of site-specific 
nucleases has opened new windows for rapid generation of 
transgenic models via nucleases, including zinc finger 
nucleases (ZFNs) (Kim et al., 1996; Porteus & Baltimore, 2003), 
transcription activator-like effector nucleases (TALENs) (Boch et 
al., 2009; Miller et al., 2011), and clustered regularly 
interspaced short palindromic repeat (CRISPR) systems (Cong 
et al., 2013; Jinek et al., 2012; Mali et al., 2013). Compared with 
ZFNs and TALENs, CRISPR-mediated genome engineering is 
easy, efficient, and multiplexable. Moreover, CRISPR can be 
applied to functionally inactivate and activate genes in cells 
(Gilbert et al., 2014; Kiani et al., 2015). Importantly, direct 
injection of the CRISPR system into zygotes is an efficient 
method for producing genetically modified animals (Hai et al., 
2014; Hwang et al., 2013; Li et al., 2013a; Niu et al., 2014; 
Wang et al., 2013). However, this method can be limited due to 
mosaic Founder 0 (FO) mice with unexpected genotypes, 
requiring crossbreeding and genetic transmission for the 
production of mutant mice with expected genotypes. Recently, 
haploid ESCs have been successfully generated from mice 
(Leeb & Wutz, 2011; Yang et al., 2012), rats (Li et al., 2014), 
monkeys (Yang et al., 2013a), and humans (Sagi et al., 2016; 
Zhong et al., 2016b) and demonstrated to sustain the ability to 
generate germline-modified animals via intracytoplasmic 
haploid androgenetic/parthenogenetic ESC injection into 
oocytes (Li et al., 2012, 2014; Yang et al., 2012; Zhong et al., 
2015; Zhong et al., 2016a). Haploid ESC technology provides 
a new, convenient and ideal gene transfer vector for 
generating transgenic animal models because of two reasons. 
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First, haploid ESCs possess one copy of each gene, making 
gene editing easy; second, haploid ESCs can be used as 
substitutes for sperm to produce healthy mice by injection into 
oocytes (Bai et al., 2016). In addition, the genetic 
backgrounds of haploid ESC-mediated transgene animals are 
evident, thus avoiding the need to crossbreed for the 
production of mutant mice. 

This review describes the progress of germline-modified- 
animal generation based on CRISPR/Cas9 and haploid ESC 
systems. We also provide a perspective on future developments of 
the technology and its applications in biomedical research and 
clinical studies. 


CRISPR/CAS9 SYSTEM 


CRISPR is a segment of DNA containing short (20-50 bp) 
repetitive sequences. It was discovered in 1987 (Ishino et al., 
1987) and was redefined in 2002 (Jansen et al., 2002). 
CRISPR loci are present in the genomes of more than 40% of 
bacteria and 90% of Archaea. A set of genes named cas or 
CRISPR-associated genes was recently found to be associated 
with CRISPR (Makarova et al., 2015). The cas genes encode 
putative nuclease or helicase proteins, which are enzymes that 
can unwind and cut DNA. CRISPR/Cas is currently divided into 
two major classes and six (I-VI) types, of which type Il, 
consisting of three components, target-specific CRISPR-derived 
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Figure 1 Structure and mechanism of sgRNA/Cas9 
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RNA (crRNA), target-independent trans-activating RNA 
(tracrRNA), and Cas9 nuclease, is the most widely used for 
genome-engineering applications (Mougiakos et al., 2016). 
CrRNA guides the cas9 complex to the target sequence, and 
tracrRNA binds to crRNA and forms a ribonucleoprotein 
complex with Cas9 nuclease. Cas9 then cleaves chromosomal 
DNA in a targeted manner, producing site-specific DNA double- 
strand breaks (DSBs). These DSBs are efficiently repaired in 
cells by endogenous DNA repair systems known as 
homologous recombination (HR) or non-homologous end 
joining (NHEJ) (Rouet et al., 1994; Smih et al., 1995). The 
former leads to precise gene correction or replacement, 
whereas the latter leads to insertion/deletion (indel) mutations in 
targeted sites that frequently result in frame shifts and gene 
disruption. Essential portions of crRNA and tracrRNA can be 
linked to form a single-chain guide RNA (SgRNA). The sgRNA 
base pairs with the DNA target and can be easily programmed 
to target an 18-25 bp sequence of interest (Mali et al., 2013) 
(Figure 1). The only constraint is that sgRNA binding sites must 
be adjacent to a short DNA motif, termed the protospacer 
adjacent motif (PAM) (Jiang et al., 2013). The PAM sequence is 
NGG, which can be found, on average, every 8 bp in the human 
genome. One Cas protein, Streptococcus pyogenes Cas9Q, is 
widely used in genome editing, including gene mutation, 
transcriptional regulation, and epigenetic regulation (Sander & 
Joung, 2014; Wiles et al., 2015). 


SgRNA 
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SgRNA guides the sgRNA/Cas9 complex to the target DNA. Cas9 then cleaves chromosomal DNA, resulting in site-specific DNA double-strand breaks 
(DSBs). Specificity is determined by an sgRNA-DNA hybrid and protospacer adjacent motif (PAM). 


GERMLINE-MODIFIED GENERATED BY 


CRISPR/CAS9 SYSTEMS 


MICE 


Gene editing in embryos 

CRISPR/Cas9 technology enables easy editing of embryonic 
genomes and involves three major steps (Figure 2): (1) isolation 
of zygotes from super-ovulated females, (2) delivery of sgRNA 
and Cas9 mRNA into the zygote, and (3) subsequent embryo 
transfer into pseudo-pregnant animals to produce a viable FO 
generation. The concentrations of sgRNA and Cas9 are an 
important factor to consider. High concentrations of sgRNA and 
Cas9 are toxic to embryos, whereas low concentrations result 
in low targeting efficiency (Horii & Hatada, 2015). Normally, 
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Cas9 mRNA and sgRNA are used at concentrations of 10-100 
ng/uL and 5-50 ng/L, respectively. In 2013, the first gene 
knock-out mouse using CRISPR/Cas9 was created in 
Jaenisch’s lab (Wang et al., 2013). The authors injected Tet? 
and Tet2 sgRNA with Cas9 mRNA into zygotes, resulting in the 
production of mice that carried up to 80% mutations in both 
genes (Wang et al., 2013). Shortly after that, another group 
reported the similar results in mice (Shen et al., 2013). These 
studies indicate that the CRISPR/Cas9 system is a rapid, 
convenient, and efficient approach for one-step production of 
knockout mice, providing a new platform for the generation of 
transgenic animals. To date, this system has been successfully 
employed to generate mutant alleles in a variety of organisms, 
including rats (Li et al., 2013a, b), pigs (Hai et al., 2014), goats 


(Ni et al., 2014), rabbits (Honda et al., 2015), dogs (Zou et al., 
2015), monkeys (Chen et al., 2015; Kang et al., 2015; Niu et al., 
2014), and human embryos (Liang et al., 2015). Usually, 
Cas9/sgRNA-directed gene knock-out is unexpected, in some 
cases resulting in non-functional mutations. Specific and 
precise genome editing, including knock-out, knock-in, and 


gene repair, can be achieved by co-injection of Cas9 MRNA 
and sgRNA into zygotes in the presence of a single-strand 
oligonucleotide template. For example, Yang et al. (2013b) 
created mice carrying a tag or fluorescent reporter construct in 
the nanog, sox2, and oct4 genes by co-injection into zygotes of 
Cas9, sgRNA, and corresponding gene DNA vectors. 
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Figure 2 Germline-modified mouse from embryo editing using the CRISPR/Cas9 system 
In vitro prepared Cas9 mRNA, sgRNA, and targeting template are microinjected into zygotes from super-ovulated females. The CRISPR/Cas9 system 
changes targeted DNA in embryos by HR or NHEJ. Developed embryos derived from injected zygotes are implanted into pseudo-pregnant mice to 


produce a mutant FO generation. 


Structural variations, such as insertion, deletion, duplication, 
inversion, and translocation of DNA segments, are associated 
with genetic diseases, including autism, epilepsy, and pancreatitis 
(Stankiewicz & Lupski, 2010). However, the major problem for 
genomic editing that involves large DNA fragment insertion, 
deletion, or inversion is low efficiency, because the larger the 
fragment, the lower the recombination efficiency (Canver et al., 
2014). The Cas9 system, with two sgRNAs targeting different loci 
in the same chromosome, has been employed to manipulate 
large genomic DNA fragments with high efficiency. For example, 
Fujii et al. (2013) generated large-scale (approximately 10 kb) 
genome-modified mice by injecting two sgRNAs targeting 
different loci in the same chromosome into zygotes; they 
achieved 33% deletion efficiency. Furthermore, Zhang et al. 
(2015) showed that large DNA fragment deletions (21% efficiency) 
and insertions (11% efficiency), such as entire 65 kb Dip2a gene 
deletions and 5 kb /acZ reporter gene insertions, were achieved 
by the co-injection of two circular plasmids into zygotes using the 
Cas9 system. Using CRISPR-mediated genome editing of ESCs 
to generate chimeric mice, two research groups described a 
distinct mouse model for human limb malformations by using 
deletions, inversions, and duplications to alter the structure of the 
DelB, Dbf, or Laf4 genes (Kraft et al., 2015; Lupiáñez et al., 2015). 
Thus, the CRISPR/Cas9 system, together with the use of two 
sgRNAs, is an easy and efficient approach for large genomic 
DNA fragment manipulation and can help accelerate the 
generation of animal modeling to study structural variations in 
disease and therapy. 

One of the most promising applications of CRISPR-mediated 
genome editing is the correction of genetic mutations 
associated with hereditary disease. The first example of gene 
repair using the CRISPR/Cas9 system was reported by Wu et 
al. (2013). They chose a mouse model of a dominant cataract 
disorder caused by a Crygc gene mutation with a 1 bp deletion 


in exon 3 that leads to a stop codon at the 76" amino acid and 
the production of truncated yC-crystallin, resulting in cataracts 
in both homozygous and heterozygous mice. To correct the 
mutation of the Crygc gene, the authors co-injected Cas9 
mRNA and sgRNAs targeting the mutant allele into zygotes, 
with correction occurring via HR based on the endogenous 
wild-type allele or exogenously supplied templates (Wu et al., 
2013). Duchenne muscular dystrophy (DMD) is a genetic 
disorder characterized by progressive muscle weakness and 
shortened life span; no effective treatment is currently available. 
The molecular basis of DMD is a C to T point mutation in exon 
23 of the dystrophin gene, which leads to the complete lack of 
skeletal muscle protein. Similarly, the point mutation of DMD 
can be corrected based on HR repair in the germ line of mdx 
mice via co-injection of Cas9 mRNA, sgRNA-DMD, and 
exogenous single-stranded oligonucleotide template into 
zygotes (Long et al., 2014). These exciting advances indicate 
that we are not far from the final application of CRISPR/Cas9 to 
human gene therapy; however, whether Cas9/sgRNA can be 
used in the therapy of multiple-gene disorders or chromosome 
structure variations requires further study. 


Gene editing in spermatogonial stem cells (SSCs) 

Genetic manipulation of spermatogonial stem cells (SSCs) by 
CRISPR/Cas9 is another approach for efficient generation of 
germline-modified animals. Wu et al. (2015) successfully used 
this approach in correcting mouse cataract disease caused by 
Crygc gene mutation. They applied the CRISPR/Cas9 system 
to repair the endogenous Crygc gene in SSCs in vitro. The SSCs 
carrying corrected genes were differentiated into round 
spermatids after transplantation into mouse testes. The round 
spermatids were then injected into mature oocytes, and the 
offspring generated by these preselected SSCs were cataract- 
free. Genomic manipulation in SSCs with CRISPR/Cas9 has also 
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been demonstrated in rats (Chapman et al., 2015). These studies 
demonstrate that the CRISPR/Cas9 system can be successfully 
applied in SSCs to generate germline-modified animals. 


Limitations of CRISPR/Cas9-mediated animal modeling 

CRISPR/Cas9 opens a new era for the generation of transgenic 
animal models and expedites biological research. However, this 
system brings additional considerations. One challenge with 
transgenic animal models generated by CRISPR reagents is 
the production of mosaic FO mice with unusable genotypes, 
requiring the screening of a large number of individuals, which 
is both time-consuming and costly. In addition, there is no 
guarantee that positive mice will be identified from the first 
CRISPR microinjection. Off-target effects, resulting in genome 
instability and gene functional disorder, are another concern. 
The recent development of haploid ESCs from mice, especially 
the generation of semi-cloned mice based on haploid ESC- 
mediated intracytoplasmic injection, provides a more time- and 
cost-saving approach for the generation of germline-modified mice. 


HAPLOID ESCs AND THEIR SCREENING APPLICATION 


In diploid cells, heterozygous mutations often result in no 
phenotypic change because a functional allele on a second 
chromosome set can mask the effects of disruption of the same 
allele on the first chromosome set. Thus, genetic analysis in 
diploid cells is complex. Compared with diploid cells, it is much 
easier to use haploid cells to produce homozygous mutants for 
the study of recessive traits (Shi et al., 2012; Bai et al., 2016). 
However, haploidy is normally restricted to the post-meiotic 
stages of germ cells and represents the end point of cell 
proliferation in mammals. The first example of haploid ESCs 
was established in Medaka fish, which not only maintained 
haploidy during cell culture in vitro but also showed pluripotency 
like that of conventional ESCs (Yi et al., 2009). In 2011, two 
groups independently reported on the generation of haploid 
ESCs from parthenogenetic haploid embryos by means of 
fluorescence-activated cell sorting (FACS) based on DNA 
content (Elling et al., 2011; Leeb & Wutz, 2011). Subsequently, 
androgenetic haploid ESC lines were generated by the removal 
of the maternal pronucleus from zygotes or the introduction of 
sperm into enucleated oocytes (Li et al., 2012; Yang et al., 
2012). Similar approaches for the generation of haploid ESCs 
in mice have been extended to rat (Li et al., 2014) and monkey 
(Yang et al., 2013a) cell model systems. These haploid ESCs 
from different species contain only one set of chromosomes, 
show pluripotency as well as self-renewal capabilities. More 
recently, Sagi et al. (2016) and Zhong et al. (2016b) reported 
the derivation of human parthenogenetic ESC lines from 
haploid oocytes. These human haploid ESCs exhibited typical 
pluripotent stem cell properties as well as usefulness in loss-of- 
function genetic screening. Furthermore, the human haploid 
ESCs displayed distinct properties, including differential 
regulation of X chromosome inactivation and of genes involved 
in oxidative phosphorylation. Generation of haploid ESCs from 
mice to humans provides new possibilities in mammalian 
genetics and a valuable tool for genome exploration. 
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Haploid ESCs have broad applications in functional genomic 
studies, such as cell-based reverse and forward genetic 
screening on the whole-genome scale. Initial reports of haploid 
mouse ESCs have suggested their usefulness for genetic 
screening in ricin-mediated toxicity (Elling et al., 2011). In this 
study, the bioweapon ricin was used to challenge virus- 
mediated mutagenesis in haploid ESCs at a lethal dose, with 
the emergence of ricin-resistant ESC colonies from 
mutagenized haploid cells, indicating that the genes mutated in 
these colonies were resistant to ricin toxicity. These clones were 
further pooled and sequenced to determine the integration sites 
and mutant genes, resulting in the discovery of Gpr107 as a 
novel molecule essential for ricin-induced cell death. Such 
research opens the possibility of combining the power of a 
haploid genome with the pluripotency of ESCs to uncover 
fundamental biological endpoints, including cell fate signals. In 
a second study, haploid ESCs clearly exhibited the power of 
recessive genetic screening. A haploid ESC line expressing 
GFP under the control of the endogenous promoter for Rex1, a 
known marker of pluripotency, was used to monitor the state of 
self-renewal. The piggyback (PB)-mediated mutated haploid 
ESCs were then cultured under high differentiation-permissive 
conditions, and GFP-positive cells were selected for 
sequencing, resulting in the discovery of new differentiation 
factors, including the small zinc finger protein Zfp 706 and the 
RNA-binding protein Pum (Leeb et al., 2014). More recently, a 
new interspecific hybrid mouse-rat allodiploid ESC created by 
the fusion of haploid ESCs from two species was employed to 
screen X inactivation-escaping genes based on allodiploids 
exhibiting X chromosome properties. The results showed that 
the mouse X chromosome was specifically inactivated in the 
mouse-rat allodiploid-derived somatic cells after in vivo and in 
vitro differentiation. After systematic analysis of RNA-seq data 
from different allodiploid ESC-differentiated somatic cells, more 
than 163 new genes related to X inactivation-escaping genes 
were screened, and five genes were selected to validate their 
roles during X inactivation in hybrid mice models carrying SNPs. 
In addition, allodiploid ESCs were used to screen for genes 
regulating species-specific pluripotency maintenance, and two 
regulators, Wnt3a and BMP4, contributing to rat ESC 
differentiation were identified (Li et al., 2016a). 


INTRODUCTION OF GENETICALLY MODIFIED MICE WITH 
HAPLOID ESCS 


Similar to diploid ESCs, haploid ESCs have robust germline 
competence, enabling the production of transgenic mouse 
strains from genetically modified haploid ESCs (Leeb et al., 
2012). In addition, haploid ESCs have been derived from sperm 
and oocytes, raising interest in their potential use as gametes 
supporting embryonic development. Yang et al. (2012) 
demonstrated this utility by applying intracytoplasmic 
androgenetic haploid ESC injection technology, similar to 
artificial fertilization based on intracytoplasmic sperm injection, 
in which sperm is injected into oocytes. After injection of 
androgenetic haploid ESCs into metaphase II oocytes and 
SrClz stimulus activation, full-term pups (referred to as semi- 


cloned mice) were generated after transferring the embryos to 
the uterus of pseudo-pregnant mice. This experiment revealed 
that haploid ESCs with robust proliferation capacity can be used 
as a substitute for gametes to produce healthy mice. Based on 
this result, the authors further knocked out “von Willebrand 
factor C and EGF domain (Vwce)’ genes in androgenetic 
haploid ESCs by homologous recombination, and after 
medicine selection and PCR genotyping, Vwce-targeted 
androgenetic haploid ES cells were generated. After injection of 
the genetically modified haploid ESCs into oocytes, Vwce 
knock-out mice were obtained (Yang et al., 2012). In another 
study, Li et al. (2012) demonstrated that androgenetic haploid 
ESCs can be used as gene delivery vectors to generate GFP 
transgene mice using a similar strategy. This strategy was 
extended to rats for the generation of RFP transgenic animals 
via injection of rat androgenetic haploid ESCs into oocytes (Li et 
al., 2014). These results demonstrate that androgenetic haploid 
ESCs are an ideal gene transfer vector for the generation of 
transgenic animals, providing a more efficient and simple 
platform for the production of genetically modified animals. One 
advantage of haploid ESC-mediated transgenic animals is that 
the genetic background of FO animals is clear and can be 
directly used without crossbreeding, thereby saving time, cost, 
and animals. Another advantage is that haploid ESCs are an 
ideal tool for studying haploinsufficiency-associated diseases, 
such as Mendelian susceptibility to mycobacterial disease 
(MSMD), Ehlers-Danlos syndrome, and genetic diseases with 
mutations in multiple genes. 

Abnormal epigenetic expression patterns in cultured haploid 
ESCs result in very low birth rates (4.5%) of semi-cloned pups 
(Yang et al., 2012), which limits the practical use of haploid 
ESC-mediated transgenic animals. To improve the birth rate, 
differentially methylated regions (DMRs) controlling two 
paternally repressed imprinted genes, H19 and Gtl2, were 
removed from androgenetic haploid ESCs, and the birth 
efficiency of semi-cloned mice increased significantly, from 
4.5% to 20% (Zhong et al., 2015). The successful increase in 
the birth rate with genetically modified androgenetic haploid 
ESCs further raises the question as to whether similar results 
can be achieved in parthenogenetic haploid ESCs. Surprisingly, 
by removal of DMRs of H19 and Gtl2, parthenogenetic haploid 
ESCs can efficiently produce the transgenic semi-cloned pups, 
although wild-type parthenogenetic haploid ESCs fail to support 
embryonic development (Li et al., 2016b; Zhong et al., 2016a). 
These findings help to accelerate the generation of genetically 
modified mice based on the haploid ESC approach. 


CRISPR/CAS9 AND HAPLOID ESCS TO GENERATE 
MULTIPLE GENETICALLY MODIFIED MICE 


The major advantage of using haploid cells is the ease of 
genetic editing. Recently, CRISPR/Cas9 was applied in haploid 
ESCs to generate multiple knockouts and large deletions with 
high efficiency. For example, co-transfection of haploid ESCs 
with vectors expressing Cas9 nuclease and sgRNAs targeting 
the Tet1, Tet2, and Tet3 genes resulted in simultaneous 
disruption of all three genes and corresponding loss-of-function 


at high frequency (50%) (Horii et al., 2013). Similar efficiency of 
CRISPR/Cas9-mediated Tet genes mutation was achieved in 
rat haploid ESCs (Li et al., 2013b). In contrast, only 20.8% of 
triple targeting efficiency (Tet1, Tet2, and Tet3) was achieved in 
diploid ESCs using the CRISPR/Cas9 system (Wang et al., 
2013). Site-specific knock-in haploid ESC lines carrying specific 
reporters can be produced via CRISPR/Cas9 (Kimura et al., 
2015). In addition to knock-in or loss of function, CRISPR/Cas9 
has been used to create chromosomal structure variation, 
including deletion and inversion, after co-transfection of cells 
with vectors expressing Cas9 and two sgRNAs targeting two loci 
on the same chromosome (Horii et al., 2013). Initially, PB 
transposon was used for larger-scale insertional mutagenesis in 
haploid ESCs (Leeb & Wutz, 2011; Leeb et al., 2014); however, it 
is very difficult to identify the causal mutations and eliminating 
unrelated background mutation (Wutz, 2015). Background 
mutations can arise spontaneously in culture and are not marked 
by a gene trap insertion. CRISPR/Cas9 is an alternative method 
to PB in genome-scale mutations in haploid ESCs. To date, 
genome-scale sgRNA libraries of CRISPR/Cas9 systems for 
human and mouse cells have been constructed (Koike-Yusa et 
al., 2014; Shalem et al., 2014; Wang et al., 2014). More recently, 
sgRNA libraries of CRIPSR-Cas9 were successfully applied to 
gene mutations at the genome scale (Zhong et al., 2015). 
Therefore, the use of CRISPR/Cas9 genome engineering of 
haploid ESCs has great potential for applications that extend 
beyond the previous mutation strategies. 

An important aspect of mouse haploid ESCs is the potential 
to introduce mutations that have been identified in cell culture- 
based screens of mice. Zhong et al. (2015) demonstrated that 
androgenetic haploid ESCs with H19 and Gtl2 DMR deletion 
can be used in combination with CRISPR/Cas9 system to 
efficiently generate semi-cloned mice with multiple-gene 
modifications and to screen genes at organismal level (Figure 
3). First, they showed that androgenetic haploid ESCs carrying 
mutant Tet family genes or p53 family genes could efficiently 
produce semi-cloned mice with corresponding genetic traits. 
Second, they generated androgenetic haploid ESCs carrying 
Tet1-EGFP, Tet2-mCherry and Tet3-ECFP knockin alleles, 
followed by production of semi-cloned mice through injection of 
haploid cells into oocytes. Finally, they generated androgenetic 
haploid ESCs with a lentiviral sgRNA library containing 87 897 
sgRNAs targeting 19 150 protein-coding genes and a lentiviral 
Cas9. By injection of haploid cells into oocytes, a total of 224 
semi-cloned mice were produced, of which 83 carried biallelic 
mutations. These data demonstrate that haploid ESCs enable 
the efficient generation of mutant mice in one step; and together 
with an sgRNA library, haploid ESCs make it possible for gene 
function screening in mice. 


CONCLUSIONS AND FUTURE DIRECTIONS 


Although the first successful application in mammalian cells and 
animals was reported only three years ago, CRISPR/Cas9 
has become a simple and convenient platform for the 
generation of germline-modified animals and holds 
considerable therapeutic potential. In addition, CRISPR/Cas9 
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Figure 3 H19 and Gtl2 double-knockout androgenetic haploid ESCs (DKO-AG-haESCs) carrying multiple-gene modifications support the 
efficient generation of different mutant mice in one step (Zhong et al., 2015) 

DKO-AG-haESCs are derived from androgenetic haploid ESCs (AG-haESCs), in which differentially methylated regions (DMRs) of H19 and Gtl2 are 
deleted. DKO-AG-haESCs with multiple-gene modifications, including constitutive expression of Cas9 and sgRNA library, transient expression of Cas9 
and sgRNA library, or multiple-gene knockout or knockin, generate semi-cloned mice with multiple-gene modifications for genetic screening using 


intracytoplasmic AG-haESC injection (ICAHCI) technology. 


shows a broad-application potential in cancer modeling 
(Chiou et al., 2015; Matano et al., 2015; Platt et al., 2014; Xue 
et al., 2014; Zuckermann et al., 2015) and gene therapy (Yin et 
al., 2014). Cas9 has the capacity to cleave chromosomal DNA. 
To date, several variants of the Cas9 protein, including dead 
Cas9 (Gilbert et al., 2014; Konermann et al., 2013; Maeder et 
al., 2013), sgRNA scaffold (Zalatan et al., 2015), and RNA 
targeting Cas9 (O'Connell et al., 2014), have been generated 
after modification of the Cas9 domain. For example, dead Cas9, 
a mutation of the RuvC and HNH domains of Cas9, has been 
used both for mechanistic studies into Cas9 DNA interrogative 
binding and as a general programmable DNA-binding RNA- 
protein complex (Gilbert et al., 2014), providing a new approach 
for exploring the diversity of transcripts across complex 
genomes. The application of Cas9 variants to the production of 
transgenic animals should greatly expand our understanding of 
how the gene sets control cell function and fate. Although rapid 
progress has been achieved in CRISPR/Cas9 systems, some 
issues remain, including off-target effects and editing efficiency. 
Off-target genomic editing can cause genome instability and 
gene functional disorder. Several approaches have been 
applied to improve target specificity, such as using paired Cas9 
nickases instead of Cas9. Paired Cas9 nickases generate 
paired nicks instead of DSB, which can markedly reduce off- 
target cleavage (Ran et al., 2013). Editing efficiency is another 
concern in the CRISPR/Cas9 system; however, improvements 
in delivery efficiency, target recognition affinity, and nuclease 
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catalytic activity will help to increase editing efficiency 
(Maruyama et al., 2015; Ramakrishna et al., 2014). 

To date, haploid ESCs have been derived from four 
mammalian species: mouse (Elling et al., 2011; Leeb & Wutz, 
2011; Li et al., 2012; Yang et al., 2012), rat (Li et al., 2014), 
monkey (Yang et al., 2013a), and human (Sagi et al., 2016; 
Zhong et al., 2016b). Recent reports of transgenic mouse 
generation based on haploid ESCs have provided a simple and 
convenient way to analyze gene function and disease modeling. 
Combining CRISPR/Cas9 and sgRNA libraries, haploid ESCs 
have produced semi-cloned mice with different mutations, 
enabling screening to be extended from the cell to mouse in 
one step. In addition, haploid ESC-mediated semi-cloned mice 
are an ideal animal model for studying gene dosage effects and 
haploinsufficiency genetic diseases. This approach enables 
extrapolation from mouse models to other animal models. In 
particular, it will be interesting to see whether non-primate 
haploid ESCs can support the generation of semi-cloned 
monkeys. Other challenges lie ahead, however, such as the 
diploidization of haploid ESCs. Thus, methods that increase the 
stability of haploid genomes in cultured cells are an important 
future aim. In addition, interspecific hybrid ESCs between mice, 
rats, monkeys, and humans should accelerate haploid ESC 
studies for screening differentially expressed genes between 
species. 

In conclusion, given the rapid progress in the past few years, 
haploid ESCs and the CRISPR/Cas9 systems will make 


important contributions to our understanding of the function and 
regulation of genes through various specific animal models. 
Distinct advantages and limitations should to be considered, 
however. CRISPR/Cas9 can be used to easily edit genomes 
but can also result in genetically mosaic mice with unusable 
genotypes. The use of haploid ESCs improves this approach 
and has been successfully applied in genetic screening from 
cell to organism. Thus, combining haploid ESCs with the 
CRIPSR-Cas9 approach should accelerate progress in 
transgenic mouse generation. 
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ABSTRACT 


In the past three years, RNA-guided Cas9 nuclease 
from the microbial clustered regularly interspaced 
short palindromic repeats (CRISPR) adaptive 
immune system has been used to facilitate efficient 
genome editing in many model and non-model 
animals. However, its application in nonhuman 
primates is still at the early stage, though in view of 
the similarities in anatomy, physiology, behavior and 
genetics, closely related nonhuman primates serve 
as optimal models for human biology and disease 
studies. In this review, we summarize the current 
proceedings of gene editing using CRISPR/Cas9 in 
nonhuman primates. 


Keywords: CRISPR/Cas9; Non-human_ primates; 
Transgene; paCas9; Animal ethics 


INTRODUCTION 


The emergence of recombinant DNA technology in the 1970s 
marked the beginning of a new era for biology. With advances 
in recent years, however, a series of programmable nuclease- 
based genome editing technologies have been developed, 
which enable targeted and efficient modification of the genomes 
of a variety of species. The most rapidly developing genome 
editing technique is the RNA-guided endonucleases known as 
Cas9, originally derived from the microbial adaptive immune 
system CRISPR (clustered regularly interspaced short 
palindromic repeats), which can target virtually any genomic 
location of choice (Brouns et al., 2008; Cong et al., 2013). 
CRISPR nuclease Cas9 is targeted by a short guide RNA, 
which recognizes the target DNA via Watson-Crick base pairing, 
and can generate DNA double-strand breaks (DSB) (Nishimasu 
et al., 2013). Cas9-induced DSBs have been used to introduce 
non-homologous end joining (NHEJ)-mediated insertion- 
deletion (indel) mutations as well as to stimulate homologous 
DNA recombination (HDR) with both double-stranded plasmid 
DNA and single-stranded oligonucleotide donor templates (Ran 


214 Science Press 


et al., 2013). 

Compared with mice, nonhuman primates are genetically and 
phenotypically closer to humans, particularly in regards to 
anatomy, physiology, cognition and gene sequences (Zhang et 
al., 2014). They are, therefore, optimal animal models for 
genetic modification in an attempt to understand human biology, 
especially in neurobiology and human evolution. At the same 
time, however, we must address the potential ethical issues 
involved due to the potential off-target effect when using the 
CRISPR/Cas$9 tool for genome editing. 


GENERATION OF GENETICALLY MODIFIED MONKEYS 
VIA CRISPR/CAS9 


In 2001, the first transgenic monkey (rhesus, Macaca mulatta) 
was born in the USA, thus demonstrating the plausibility of 
modifying the primate genome (Chan et al., 2001). Until 2013, 
however, progress in regards to the generation of transgenic 
monkeys was rather slow. Firstly, compared with the widely 
used gene editing tools in model species (e.g., mice), few 
techniques existed for genetically manipulating embryonic stem 
cells or germline cells of monkeys. Furthermore, it was difficult 
to use traditional gene targeting technology to establish primate 
animal models. In 2014, however, thanks to the emergence of 
the Cas9-RNA-mediated gene targeting technique, Chinese 
scientists generated the first gene knockout cynomolgus 
monkey via targeting one-cell embryos using CRISPR/Cas9 
(Niu et al., 2014), opening the door to primate genome 
manipulation. Now, the use of the CRISPR/Cas9 tool to 
generate genetically modified nonhuman primates has greatly 
intensified. 

In rodents, the CRISPR/Cas9 system has achieved highly- 
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efficient directed modification of the genome and regulation of 
gene expression (Perez-Pinera et al., 2013; Sander & Joung, 
2014; Wang et al., 2013; Yang et al., 2013; Yin et al., 2014). In 
monkeys, however, genome targeting efficiency is still low. 
Several gene knockout studies in monkeys have been 
published, but successful gene replacement in monkeys via the 
CRISPR/Cas9 system remains elusive, possibly due to the 
complexity of DNA repair mechanisms in monkeys. In this 
review, we summarize the previous work done and discuss the 
existing problems in current primate genome modification and 
the potential direction for future research. 

Recent research in generating gene knockout monkeys has 
shown considerable progress, with gene knockout efficiency 
becoming similar to that achieved in mice. However, there are 
still limitations in regards to monkey species (Guo & Li, 2015). 
First of all, the genome sequences of published monkey 
species (e.g., rhesus macaque, cynomolgus monkey and 
common marmoset) are still of low quality, thereby hindering the 


Table 1 Reported CRISPR/Cas9 edited genes in monkey embryos 


design of sgRNAs based on genome sequences. For example, 
when using genome sequence data from the NCBI or 
Ensemble databases, -AGG must be selected as the PAM 
sequence, despite the real read being -ATG, which results in 
failed sgRNA. Second, nonhuman primates require much more 
time to reach sexual maturity than that required by mice. For 
example, rhesus macaques need 4-5 years to obtain sexual 
maturity. Hence, it is not plausible to use the breeding strategies 
of mice to generate homozygous genetically modified monkeys. 
To overcome this problem, researchers have tried to improve 
efficiency by increasing the concentrations of Cas9 mRNA and 
sgRNA components when they inject primate embryos. While 
certain increases in the injection concentration can indeed 
improve gene targeting efficiency, high concentrations can also 
produce toxicity, and thus interfere with embryonic development 
(Table 1). In the DMD gene targeting case, the efficiency of 
embryos developing into morulae or blastocysts is only 23.9% 
(Chen et al., 2015). 


Morulae and 








Targeted gene Cas9mRNA: sgRNA (ng/uL) Efficiency in embryos (%) Blastocysts (%) Off-target mutation References 
Nr0b1 26.6 
Ppar-y 20:5 46.7 15/22(68.1) No Niu et al., 2014 
Rag1 60 
20: 5 62.5 8/12(66.7) 
p53 100: 10 100 10/15(66.7) No Wan et al., 2014 
200: 10 100 5/16(31.25) 
DMD 200: 25 46.47 34/142(23.9) No Chen et al., 2015 


The efficiency of gene replacement (or knockin) in primate 
embryos also remains very low. Because primate embryos are 
very expensive, and difficult to obtain in large numbers, we 
need to learn from practice with other animal species. To 
improve the efficiency of gene replacement or gene 
homologous recombination, a growing number of methods 
have been developed. Researchers have tried inhibitors of the 
NHEJ-repair pathway enzyme to inhibit DNA repair in order to, 
in theory, raise the efficiency of homologous recombination 
through the HDR-repair pathway. Recently, Dr. Ploegh’s team 
discovered inhibitor Scr7, which significantly improved 
homologous repair efficiency in mice, exhibiting 19 times 
greater efficiency compared with that of the control group 
(Maruyama et al., 2015). Based on the same strategy, 
researchers have also tested inhibitors that hinder key enzymes 
of the NHEJ-repair pathway, including KU70, KU80 and DNA 
ligase IV, to improve the efficiency of homologous recombination. 
Furthermore, Dr. Rajewsky’s team used shRNA and Ad4s or 
shRNA, Ad4s and Scr7 to improve the efficiency of homologous 
recombination (Chu et al., 2015). In monkeys, we tested inhibitor 
Scr7, and although it inhibited NHEJ repair, we did not observe 
an increase in homologous recombination for improving 
replacement efficiency, implying that different enzymes or 
mechanisms might be involved in embryos of different species. 

It was recently reported that small molecules (e.g., L755507 


and Brefeldin A) can enhance CRISPR-mediated HDR 
efficiency, 3-fold for large fragment insertions and 9-fold for 
point mutations (Yu et al., 2015). As these small molecules are 
generally non-toxic, they may serve as a better choice for gene 
replacement manipulation in monkeys. 

Alternatively, the concentration of the homologous repair 
template can be adjusted to achieve an optimal ratio between 
the repair template and target genomic segment, and therefore 
improve homologous recombination efficiency. A recent study 
found that a higher concentration of ssODN remarkably 
reduced HDR-derived mutations in pig zygotes, suggesting a 
possible balance for optimal HDR-derived mutations in zygotes 
between the excessive accessibility to HDR templates and the 
activities of HDR relative to NHEJ, which are negatively 
correlated to ssODN concentration (Zhou et al., 2016). In the 
previous case, the efficiency of homologous recombination 
achieved 80% following injection of the homologous repair 
template at a low concentration in the pig embryos. Again, 
these data suggest between-species differences for improving 
homologous recombination. 

The CRISPR/Cas9 system consisting of Cas9 nuclease and 
sgRNA is the most commonly used approach in genome editing 
due to its high convenience and robust targeting (Doudna & 
Charpentier, 2014). However, it is still unknown whether sgRNA 
works more efficiently than dual-crRNA: tracrRNA, especially 
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for the production of knockin animals. The highly efficient 
generation of knockin mice carrying a functional gene cassette 
using a cloning-free CRISPR/Cas9 system was achieved by 
combining the Cas9 protein with chemically synthesized dual- 
crRNA: tracrRNA, with conventional mRNA pronuclear injection 
or Cas9 protein injection combined with sgRNA being 
unsuccessful (Aida et al., 2015). Additionally, chemically 
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modified guide RNAs were found to enhance CRISPR/Cas9 
genome editing in human primary cells (Hendel et al., 2015), 
especially 2'-O-methyl 3' phosphorothioate (MS) or 2'-O-methyl 
3' thioPACE (MSP) modified sgRNAs. Besides sgRNA, 
modified ssODNs have demonstrated superior genome editing 
efficacy (Renaud et al., 2016), possibly by protecting ssODNs 
from degradation. 
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Figure 2 Schematic of the TALEN-LITE system (A, B) and photoactivatable Cas9 (paCas9) (C, D) 
LITE: light-inducible transcriptional effectors. 


Researchers have also optimized the structure of Cas9 to 
improve knockin efficiency. Dr. Xue and colleagues from 
Tsinghua University added a “GGSGP” linker and HA tag to the 
C-terminal of Cas9, which had a profound effect on both editing 
efficiency and accuracy (Zhao et al., 2016). They also 
developed a structurally optimized sgRNA, sgRNA“*), in which 
“F” is an A-U base pair flip that can destroy a potential 
polymerase III terminator (UUUU) and “E” is a 5-bp extension of 
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the Cas9-binding hairpin structure that likely improves the 
assembly of the sgRNA/Cas9 complex. Furthermore, they 
showed that using sgRNA“®*® with modified Cas9 led to a 32- 
fold increase in editing efficiency in the Caenorhabditis elegans 
genome. Similar strategies may be used to improve the knockin 
efficiency in monkeys. 

Collectively, the newly developed CRISPR/Cas9 systems 
hold great promise for application in nonhuman primates to 


generate knockin models of human diseases or to modify 
specific genes. 


OFF-TARGET EFFECTS AND MOSAIC MUTATIONS CAUSED 
BY CSRISP/CAS9 


The specificity of CRISPR/Cas9 targeting relies on 20 bp guide 
RNA and PAM. There are many guide RNA-like sequences in 
the genome. Consequently, CRISPR/Cas9 may generate a 
number of nonspecific mutations, leading to off-target effects. 
Although the published data has not reported detectable off- 
target effects in the CRISPR/Cas9 derived gene knockout 
monkeys, this might be due to the limited number of genes 
studied. Human _ tripronuclear zygotes injected with 
CRISPR/Cas9 showed an off-target effect (Liang et al., 2015), 
which could confound the phenotypes of founder animals. 
Hence, many methods have been developed to reduce off- 
target effects (Koo et al., 2015). 

The off-target effect of Cas9 can be reduced to the detection 
limit of deep sequencing by choosing unique target sequences 
in the genome and modifying both guide RNA and Cas9. For 
example, paired Cas9 nickases, composed of D10A Cas9 and 
guide RNA, which generate two single-strand breaks (SSBs) or 
nicks on different DNA strands, are highly specific in human 
cells, thus avoiding off-target mutations without sacrificing 
genome-editing efficiency (Cho et al., 2014). sgRNAs with 5'- 
GG- can greatly reduce the off-target effect. In addition, using 
truncated guide RNAs can also improve CRISPR/Cas9 
specificity (Fu et al., 2014). The off-target effect can be induced 
by the high concentration of Cas9 and sgRNA, suggesting that 
an optimal concentration of Cas9 and sgRNA should be 
considered for reducing off-target effect. 

Another important issue with CRISPR/Cas9 is mosaic 
mutations. The CRISPR/Cas9 system can repeatedly target 
genes at different stages of embryonic development, which 
could lead to mosaicism of the introduced mutation(s). It was 
speculated that mosaicism might result from a prolonged 
expression of Cas9 mRNA. However, direct injection of the 
Cas9 protein rather than Cas9 mRNA into cells can also lead to 
mosaic mutations (Kim et al., 2014; Sung et al., 2014). To 
understand its mechanism, however, rigorous quantification of 
mosaicism from one-cell to multiple-cell embryos is required. 


PACAS9Y: CRISPR/CAS9 MEETS OPTOGENETICS 


Compared with rodents, nonhuman primates have bigger and 
more complex brains, and their neurogenesis is more similar to 
that of humans. For example, during neurogenesis, macaques 
have an outer subventricular zone (OSVZ) like humans, but 
rodents do not have this cell layer in their developing brains 
(Betizeau et al., 2013). Researchers have been hoping to 
manipulate the brains of living nonhuman primates by changing 
the expression of certain genes under controlled spatial and 
temporal conditions in order to observe the brain’s neural 
network connections. The pathogenesis of human brain diseases 
can be clearly revealed via this approach; however, traditional 
technology has thus far been unable to complete this task. 


In 2013, Dr. Zhang and colleagues from the Broad Institute 
combined the TALENs gene targeting technology and 
optogenetics, and developed a new system for manipulating 
living brain gene expression in mice (Konermann et al., 2013). 
Furthermore, they also developed light-inducible transcriptional 
effectors (LITEs), an optogenetic two-hybrid system integrating 
the customizable TALEN DNA-binding domain with the light- 
sensitive cryptochrome 2 protein (CRY2) and its interacting 
partner CIB1 from Arabidopsis thaliana (Kennedy et al., 2010; 
Liu et al., 2008). LITEs do not require additional exogenous 
chemical cofactors, and can be easily customized to target and 
activate many endogenous genomic loci within minutes. This 
process is also reversible and LITEs can also be packaged into 
viral vectors and target specific cell populations. 

Similarly, Dr. Sato and colleagues from the University of 
Tokyo attempted to combine the Cas9 protein with CRY2 to 
modify the genome of living cells or animals; however, they 
found that Cas9 could not work when combined with CRY2. 
They next developed the paCas9 system using pairs of 
photoswitching proteins called Magnets that use electrostatic 
interactions to join proteins when activated by light (Kawano et 
al., 2015; Nihongaki et al., 2015a, b). They first created paCas9 
by splitting the Cas9 protein into two inactive fragments, and 
then coupled each fragment with one Magnet protein of a pair. 
When irradiated with blue light, the Magnets come together so 
that the split Cas9 fragments merge to reconstitute the 
nuclease’s RNA-guided activity. Importantly, this process is 
reversible, and when the light is turned off, the paCas9 
nuclease splits again, and nuclease activity is halted. 

The spatiotemporal and reversible properties of paCas9 are 
well suited for the dissection of causal gene functions in diverse 
biological processes and for medical applications, such as in 
vivo and ex vivo gene therapies. Furthermore, paCas9 also has 
the potential of reducing off-target indel frequencies in Cas9- 
based genome editing. There have been several studies 
showing that transient introduction of a Cas9: sgRNA complex 
prepared in vitro can improve the specificity of genome editing 
(Kim et al., 2014; Ramakrishna et al., 2014; Zuris et al., 2015). 
Because paCas9 can be switched off by stopping light 
irradiation, optically controlling the duration of paCas9 activation 
would contribute to reducing off-target effects. Some scientists 
have also combined dCas9, an epigenetic effector, with paCas9 
to expand the application of this system, making it more useful 
in studies of the brain. 


ETHICAL CONSIDERATIONS IN GENETIC MODIFICATION 
OF NONHUMAN PRIMATES 


The CRISPR/Cas9 technology has gained considerable 
attention recently due to debate among scientists about the 
possibility of genetically modifying the human germ line and the 
ethical implications of doing so (Caplan et al., 2015; Holdren et 
al., 2015; Lanphier et al., 2015). Researchers in China have 
used CRISPR/Cas9 to alter a gene in a human embryo that can 
cause a blood disorder when mutated. The US National 
Institutes of Health (NIH), however, has reaffirmed its ban on 
research that involves genetic editing of human embryos due to 
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their concern about the safety of the technique and the ethical 
implications of altering genes that will be passed to future 
generations. It has been pointed out that there are few clinical 
situations in which gene editing would be the only way to 
prevent the passage of a genetic disease from parent to child. 
Instead, parents with a genetic disease could create embryos in 
vitro and screen them for the presence of the defect gene. 

Similarly, we must consider the potential ethical issues when 
we generate genetically modified nonhuman primates using 
CRISPR/Cas9. The use of animals in research must be justified 
in terms of the value of the research for understanding 
fundamental biological processes and ameliorating devastating 
human diseases. Scientists must consider whether 
experimental alternatives exist and whether the species used 
are appropriate to the specific problem being studied 
(Blakemore et al., 2012; Belmonte et al., 2015). For example, 
the genetic and mechanistic determination of certain human 
neurological and psychiatric diseases might be better 
approximated by nonhuman primate models. 

Bearing these considerations in mind, we see the weight of 
the argument in favor of moving forward on transgenic 
nonhuman primate disease models with due care, responsibility 
and transparency. 


CONCLUSIONS 


Nonhuman primates and humans share many anatomical, 
perceptual, cognitive and behavioral traits. Recent advances in 
CRISPR/Cas9 gene-editing techniques have made it possible 
to create genetically modified nonhuman primates, opening up 
new and exciting ways to gain insight into the primate brain. 
However, many problems remain to be solved. The efficiency of 
homozygous knockout and homologous recombination is still 
low, and off-target effects and mosaic mutations caused by the 
CRISPR/Cas9 system need to be improved. In future studies, 
researchers should attempt to understand the potentially 
primate-specific aspects to optimize the gene targeting system. 
China has rich nonhuman primate resources, which could allow 
for the full use of the latest technological advancements. China 
is positioning itself as a world leader in primate research, with a 
new national monkey facility currently being constructed at the 
Kunming Institute of Zoology, Chinese Academy of Sciences, 
and similar projects being launched in Shanghai, Beijing, 
Guangzhou and Shenzhen (Cyranoski, 2016). 
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ABSTRACT 


Insects compose more than half of all living 
organisms on earth, playing essential roles in global 
ecosystems and forming complex relationships with 
humans. Insect research has significant biological 
and practical importance. However, the application 
of genetic manipulation technology has long been 
restricted to several model insects only, such as 
gene knockout in Drosophila, which has severely 
restrained the development of insect biology 
research. Recently, with the increase in the release 
of insect genome data and the introduction of the 
CRISPR/Cas9 system for efficient genetic 
modification, it has been possible to conduct 
meaningful functional studies in a broad array of 
insect species. Here, we summarize the advances in 
CRISPR/Cas9 in different insect species, discuss 
methods for its promotion, and consider its 
application in future insect studies. This review 
provides detailed information about the application of 
the CRISPR/Cas9 system in insect research and 
presents possible ways to improve its use in 
functional studies and insect pest control. 


Keywords: CRISPR/Cas9; Gene editing; Insect 
transgenesis 


INTRODUCTION 


Insects compose more than half of all living organisms on 
earth and play essential roles in the world’s ecosystems. 
They serve as pollinators, herbivores, and predators, and 
have the capacity to alter the rate and direction of energy 
and matter fluxes in ways that potentially affect global 
processes. Insects also exhibit complex relationships with 
humans. Agricultural pests, such as the diamondback moth 
and cotton bollworm, feed on plants and damage crops, with 
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an estimated 10%-16% of global crop production lost to 
insect pests (Chakraborty & Newton, 2011). Furthermore, 
insects can be carriers of human disease. For example, 
Anopheles mosquitoes are vectors of malaria, an infectious 
and deadly disease threatening nearly half of the world’s 
population according to the World Health Organization (World 
Health Organization, 2014). Conversely, insects such as 
silkworm and honey bees are economically and agriculturally 
important to human society, while social insects are ideal 
models for researching social behavior. Considering the 
important roles of insects in ecology and human life, insect 
research has great biological and practical significance. 

Nowadays, high-throughput genome sequencing technology 
has been used to decipher the genomes of many insects. 
Published genomes have gone far beyond model organisms 
such as Drosophila, now covering moths, butterflies, beetles 
and Hymenoptera social insects. These data not only provide 
the raw materials for further comparative and evolutionary 
genomic studies, but also bring about efficient gene function 
identification through newly emerged genome editing 
technologies, resulting in breakthroughs in the genetic 
manipulation of non-model organisms. 

Traditional gene knock-in in insects was initially limited to 
transposon-based transgenic technologies, while the application of 
gene knockout was restricted to Drosophila species. Nowadays, 
however, newly emerged genome editing approaches, i.e., ZFN, 
TALEN and especially CRISPR/Cas9, have allowed for the 
efficient extension of genetic modification of non-model 
organisms and functional testing of candidate domesticated 
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genes, as well as candidate genes in life-environment interactions 
(Chen et al., 2014). Accompanied by high-throughput 
sequencing platforms, CRISPR/Cas9 has promising impact on 
evolutionary and ecological research, as well as on elucidating 
the gap between DNA sequences and phenotypes. Here, we 
briefly introduce the development of insect genetic manipulation 


technology, with a focus on the CRISPR/Cas9 system in insects. 


We first summarize the advances of CRISPR/Cas9 in different 
insect species, and then discuss methods for its promotion and 
prospective application in future insect studies. 


DEVELOPMENT OF GENETIC MANIPULATION IN INSECTS 


Genetic manipulation technologies in insects have been 
developed over the last 30 years. Combined with recent 
progress, these technologies can be classified into three stages 
of development based on their function mechanism, efficiency, 
and accuracy. The first stage was _ transposon-based 
transgenesis. The first successful attempt to transfer 
exogenous genes into insects was conducted in Drosophila 
melanogaster by P-element transposon (Rubin & Spradling, 
1982). Unfortunately, the P-element was not applicable in non- 
drosophilid insects because of host-specific co-factor 
requirements (Rio & Rubin, 1988). Since then, however, four 
other transposons (mariner, Minos, Hermes and piggyBac) 
have been explored for the genetic transformation of non- 
drosophilid insects. Among them, universal vector piggyBac 
has been widely and successfully applied in the transgenesis of 
several insect species such as Bombyx mori (Tamura et al., 
2000), butterfly (Marcus et al., 2004), and diamondback moth 
(Martins et al., 2012). Based on such studies, upgraded 
transgenesis technologies were developed, combined with the 
GAL4/UAS system as well as site-specific recombinases and 
integrases like Cre, FLP, and ®C31 (Venken & Bellen, 2007). 
Nevertheless, transposons have remained limited in their utility, 
primarily due to integration randomness, low transformation 
frequency, integrated sequence instability, and limited carrying 


capacity. The second development stage of gene editing 
technologies such as ZFN (Zinc Finger Nuclease) and TALEN 
(Transcription Activator-Like Effector Nuclease), which are both 
composed of a specific DNA recognition protein (ZF or TALE) 
and DNA excision protein (Fok/) (Bibikova et al., 2003; 
Bogdanove & Voytas, 2011) expanded genetic modifications 
beyond model organisms. Compared with transposon-based 
technologies, ZFN and TALEN improved the efficiency and 
precision of targeted genetic manipulations, and have been 
successfully applied in Drosophila (Gratz et al., 2013), B. mori 
(Wang et al., 2013), and mosquitoes (Dong et al., 2015). 
However, certain intrinsic drawbacks have restricted their wide 
utility. ZFN has limited target sites due to the three-nucleotide 
recognition model, and is expensive and difficult to assemble, 
whereas TALEN involves cumbersome procedures and a large 
protein that can be difficult to efficiently deliver into all cells. The 
third and most promising stage of advancement has been the 
CRISPR/Cas9 system (Clustered Regularly Interspaced Short 
Palindromic Repeats). The CRISPR/Cas9 system acts via a 
ribonucleoprotein complex, where the target recognition lobe of 
Cas9 directs specific binding to target DNA through interacting 
with homologous sgRNA and the excision lobe cuts the DNA 
(Nishimasu et al., 2014). It is considered a revolutionary 
technology with high efficiency and accuracy and applicable for 
a wide range of species. Many studies have reported on the 
application, evaluation, and improvement of the CRISPR/Cas9 
system (Gaj et al., 2013; Hsu et al., 2014; Shalem et al., 2015). 
Here, we emphasize the application and potential of the 
CRISPR/Cas9 system in insects. 


CURRENT APPLICATION OF THE CRISPR/CAS9 SYSTEM 
IN INSECTS 


To date, the CRISPR/Cas9 system has been successfully applied 
in several insect species, including Drosophila, silkworm, 
mosquito, and butterfly (Table 1). Here, we summarize the 
advances of this technology in these insects, respectively. 


Table 1 Collections of published papers on the CRISPR/Cas9 system in insects 





Gene Mutation Delivery References 
Drosophila white, yellow Knockout mRNA Bassett et al., 2013 
melanogaster Dredd, wingless Knock-in Plasmid Baena-Lopez et al., 2013 
Rosy, yellow Knockout, Knock-in mRNA Gratz et al., 2013 


ast, capa, Ccap, Crz, Eh, Mip, npf, Knockout Cas9-transgene Kondo & Ueda, 2013 
mir-219, mir-315, white 

white Knockout Cas9-transgene, Plasmid Ren etal., 2013 
yellow Knockout mRNA Yu et al., 2013 
phosphoglycerate kinase Knockout Plasmid Bottcher et al., 2014 


ebony, yellow, white 

sosy, DSH3PX1 

ebony, yellow, wingless, wnt 
white, piwi 

eGFP/RFP 

ms(3)k81, white, yellow 


Knockout, Knock-in 
Knockout, Knock-in 
Knockout, Knock-in 
Knockout, Knock-in 
Knockout 


Knockout, Knock-in 


Cas9-transgene, Plasmid Gokcezade et al., 2014 
Plasmid, Cas9-transgene Gratz et al., 2014 

Port et al., 2014 
Cas9-transgene, Plasmid Ren etal., 2014 


Cas9-transgene 


Cas9-transgene, Plasmid Sebo et al., 2014 
Cas9-transgene, Plasmid Xue et al., 2014 
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Continued 





Gene Mutation Delivery References 
Drosophila salm Knock-in Cas9-transgene Zhang et al., 2014 
melanogaster yellow Knock-in Cas9-transgene Gratz et al., 2015 
white Knockout, Knock-in Cas9-transgene Port et al., 2015 
Snail, twist, wingless Transcription activation dCas9-transgene Lin et al., 2015 
yellow Gene drive Plasmid Grantz & Bier, 2015 
rox Transcription repression dCas9 mRNA Ghosh et al., 2016 
Bombyx mori BmBLOS2 Knockout mRNA Wang et al., 2013 
BmBLOS2, th, re, fl, yellow-e, kynu, ebony Knockout Plasmid Liu et al., 2014 
Bmku70, Bm702 Knockout, Knock-in Plasmid Ma et al., 2014 
Bm-ok, BmKMO, BmTH, Bmtan Knockout mRNA Wei et al., 2014 
Bmawd, Bmfng Knockout mRNA Ling et al., 2015 
BmEO Knockout Cas9 transgene Li et al., 2015b 
Bmsage Knockout mRNA Xin et al., 2015 
Bm-Wnt1 Knockout mRNA Zhang et al., 2015 
kKu70, Ku80, Lig IV, XRCC4, XLF Knockout, Knock-in Plasmid Zhu et al., 2015 
BmBLOS2 Knockout Cas9-transgene Zeng et al., 2016 
Aedes aegypti Ku70, lig4 Knockout, Knock-in mRNA, protein Basu et al., 2015 
ECGP Knockout Plasmid, mRNA Dong et al., 2015 
Nix Knockout mRNA Hall et al., 2015 


Anopheles stephensi 


Anopheles gambiae 


Papilio xuthus 


Tribolium castaneum 


Spodoptera litura 


Gryllus bimaculatus 


Aa-witrw, AAEL000528, AAEL010779, 
AAEL004091, AAEL014228, 
AAEL000926, AAEL002575, 
AAEL013647 


kh 


AGAP005958, AGAP01 1377, 
AGAP007280 


Aba-B, ebony, fz 
cry2, dik 

EGFP 

abd-A 

SIitPBP3 

Dop1 


Knockout, Knock-in 


Gene drive 


Gene drive 


Knockout 
Knockout 
Knockout, Knock-in 
Knockout 
Knockout 


Knockout 


Plasmid, mRNA, protein 


Plasmid 


Plasmid 


mRNA 
mRNA 
Plasmid, mRNA 
mRNA 
mRNA 
mRNA 


Kistler et al., 2015 


Grantz et al., 2015 
Hammond et al., 2016 


Li et al., 2015a 
Markert et al., 2016 
Gilles et al., 2015 
Bi et al., 2016 

Zhu et al., 2016 
Awata et al., 2015 


Drosophila 

The first reported knockout application of CRISPR/Cas9 in 
insects was carried out in Drosophila melanogaster, in which 
mutations were introduced to the yellow gene (Gratz et al., 
2013). Subsequently, significant research has been conducted 
on the development of the CRISPR/Cas9 system in Drosophila. 
Generally, there are four strategies to establish CRISPR/Cas9 
system in Drosophila, depending on the Cas9 and sgRNA 
delivery methods. Firstly, Cas9 and sgRNA are both 
constructed into plasmids. In a pilot study, Gratz et al. (2013) 
constructed two plasmids expressing the Cas9 protein driven 
by the Hsp70 promoter and sgRNA driven by a U6 promoter, 
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respectively. However, the efficiency of mutagenesis was 
relatively low (5.9%) due to inefficient error-prone nonhomologous 
end-joining (NHEJ) effects. Additionally, Cas9 and sgRNA could 
be merged into one single vector, which resulted in a 
mutagenesis rate>10% (Gokcezade et al., 2014). The second 
strategy was adopted by two research groups independently in 
which transcribed Cas9 mRNA and sgRNA were co-injected 
into early stage embryos in vitro (Bassett et al., 2013; Yu et al., 
2013). More than 80% of injected flies presented mosaic 
expression of the yellow gene and another six genes showed 
36%-80% mutagenesis, implying high efficiency. However, the 
high mutation rate relied on high concentrations of Cas9/sgRNA, 
resulting in an adult survival rate of <3% (Bassett et al., 2013). 


Conversely, reducing the concentration of Cas9/sgRNA mRNA 
resulted in the dramatic reduction in the proportion of mosaic 
adults from 86% to 10% (Bassett et al., 2013). The third 
strategy was established by crossing two stable transgenic fly 
strains: one specifically expressing the Cas9 protein in germline 
cells, the other ubiquitously expressing sgRNA. Expression of 
Cas9 driven by the nanos promoter and expression of sgRNA 
under the U6 promoter obtained highly efficient (average of 
57%, reaching 90%) mutagenesis by crossing these two 
transgenic strains (Kondo & Ueda, 2013). This robust strategy 
generated much higher mutagenesis rate than the previous 
transient expression of Cas9 and sgRNAs, but was limited by 
the time spent establishing sgRNA transgenic fly stocks. The 
last strategy involved the injection of sgRNA expressing vectors 
into early stage embryos of germline-expressed Cas9 
transgenic strains. This strategy reduced the complexity of the 
two-component injection scheme to one component. Previous 
studies constructed Cas9 transgenic strains by expressing the 
Cas9 protein driven by vasa (Sebo et al., 2014) or nanos (Ren 
et al., 2013) promoters. Sebo et al. (2014) observed a high ratio 
(up to 71%) of injected flies harboring gene mutations, although 
a significant portion (up to 68%) was infertile. Ren et al. (2013) 
achieved a higher rate of mutagenesis (93.3%) and fertility 
(81%) in GO flies. As to promoter selection, different U6 
promoters have been used to drive sgRNA, with U6: 3 
demonstrated to have the strongest ability of generating 
mutagenesis in both somatic cells and germlines (Port et al., 
2014). Anew CR7T promoter was developed to efficiently drive 
sgRNA, and gave rise to high mutagenesis rates (Xue et al., 
2014). 

In addition to knockout technology, efficient and specific 
CRISPR/Cas9-mediated knock-in procedures have greatly 
expanded the application of CRISPR by facilitating complex 
genome modifications. Precise incorporation of exogenous 
DNA can be achieved through homology-directed repair (HR) 
by providing donor DNA templates. Previous studies have 
successfully injected donor DNA into embryos transgenic 
containing both Cas9 and sgRNA cascade (Port et al., 2014), 
donor DNA with sgRNA-encoding plasmids into transgenic 
Cas9 embryos (Gratz et al., 2014; Ren et al., 2013; Xue et al., 
2014; Zhang et al., 2014), and donor plasmids together with a 
plasmid-encoding Cas9 and sgRNA into non-transgenic 
embryos (Gokcezade et al., 2014). 


Silkworm 

The first successful application of the CRISPR/Cas9 system 
was reported for B. mori using the BmBLOS2 gene as a target 
(Wang et al., 2013). Two 23 bp gRNAs were designed to direct 
the Cas9 endonuclease specifically to two sites separated by 
3.48 kb of BmBLOS2, with a high mutagenesis rate obtained for 
each site (94% and 95.6%) and large deletions achieved by 
injection of in vitro transcribed Cas9 mRNA and sgRNAs (Wang 
et al., 2013). Similarly, four more genes (Bm-ok, BmKMO, 
BmTH and Bmtan) were altered at specific sites by the direct 
microinjection of specific sgRNA and Cas9 mRNA into embryos, 
with mutation frequencies of 16.7%-35.0% observed in the 
injected generation (Wei et al., 2014). Ma et al. (2014) 


established a system of two expression vectors for Cas9 and 
sgRNA separately, generating the heritable site-directed edition 
of Bmku70 in B. mori. This same system was also used to 
induce multiplex genome editing of six genes in BMNs cell lines 
simultaneously (Liu et al., 2014). In addition to knockout, HR 
introduced knock-in has also been reported. Ma et al. (2014) 
found that HR frequency increased in Bmku70 knocked-out B. 
mori. Additionally, Zhu et al. (2015) knocked out the factors 
Ku70, Ku80, Lig IV, XRCC4 and XLF in NHEJ using the 
CRISPR/Cas9 system, which increased the activities of HR up 
to 7-fold in silkworm cells. Further efforts have also been made 
to improve the CRISPR/Cas9 system in recent years. A U6 
promoter from B. mori was shown to effectively drive sgRNA 
initiated with nucleotide bases (N2ONGG) and induce mutations 
in vitro and in vivo (Zeng et al., 2016). 

The highly efficient CRISPR/Cas9 system has also been 
applied in gene functional analysis of the miR-2 cluster by 
knockout of miR-2 targeted Bmawd and Bming genes in 
silkworm (Ling et al., 2015). Furthermore, functional analysis of 
the BmWnt1 gene using the CRISPR/Cas9 system generated a 
large deletion of 18 kb, resulting in severe developmental 
defects during embryogenesis, comparable to previously 
reported RNAi studies (Zhang et al., 2015). The transgenic 
CRISPR/Cas9 system also somatically mutated BmEO and 
extended the duration of the final instar larval stage of silkworm 
(Li et al., 2015b). Combined with Gal4/UAS overexpression and 
RNA-seq analysis, CRISPR/Cas9 provided insights into BnEO 
ecdysone regulation of tissue degeneration during 
metamorphosis (Li et al., 2015b). Germline mutation of Bmsage 
was introduced using the Cas9/sgRNA system, leading to 
poorly developed silk glands and absent middle and posterior 
silk glands (MSG and PSG) (Xin et al., 2015), implying that the 
Bmsage gene participates in the development of these glands 
at the embryonic stage. 


Mosquito 

Aedes aegypti is the principal vector for important arboviruses 
such as yellow fever, dengue, and chikungunya viruses, which 
cause significant impacts on human health. The CRISPR/Cas9 
system has been used in in vivo gene disruptions of ECFP in 
ECFP transgenic A. aegypti lines (Dong et al., 2015). Injection 
of in vitro transcribed Cas9 mRNA and sgRNA into embryos 
introduced mutations with 5.5% knockout efficiency (Dong et al., 
2015). Kistler et al. (2015) increased the CRISPR/Cas9 
mutation rate up to 24% by identifying active sgRNAs and 
proper Cas9 mRNA concentrations in five A. aegypti genes. 
Basu et al. (2015) promoted the effectiveness of editing in A. 
aegypti up to 90%, in which a large cohort of sgRNAs were 
evaluated in early embryos, with only highly ranked candidates 
going forward to germline-based experiments. It should be 
noted that injection of plasmids encoding Cas9 and sgRNA did 
not increase observed mutations, which might result from the 
weak promoters used to drive Cas9 and sgRNAs or intrinsically 
low efficiency of the CRISP/Cas9 system in A. aegypti (Dong et 
al., 2015; Kistler et al., 2015). HR-based integration of a 
transgene in A. aegypti was also obtained using the 
CRISPR/Cas9 system, with a transformation rate of 2.1% 


Zoological Research 37(4): 220-228, 2016 223 


obtained (Basu et al., 2015). The CRISPR/Cas9 system has 
also been applied in the functional study of Nix, the first insect 
M factor. Knockout of Nix resulted in largely feminized genetic 
males, providing an opportunity to characterize the remaining 
genes and interactions in the A. aegypti sex-determination 
pathway (Hall et al., 2015). 


Butterfly 

Recent application of CRISPR/Cas9 was found to induce 
somatic mutations of the Abd-B gene with high efficiency 
(92.5%) in swallowtail butterfly, Papilio xuthus (Li et al., 2015a). 
Furthermore, a highly efficient, heritable gene knockout at two 
clock gene loci, cry2 and clk, was reported in the monarch 
butterfly, Danaus plexippus (Markert et al., 2016), in which 50% 
of larvae presented indels at rates ranging from 3%-28%. The 
knockout for clk helped define its critical function in encoding a 
transcriptional activator of the circadian clock used by 
monarchs during migration. 


Other insects 

The CRISPR/Cas9 system has shown great potential in the 
genetic editing of non-model species. Gilles et al. (2015) 
demonstrated that CRISPR technology effectively generated 
targeted knockouts, knock-ins, and deletions in Tribolium 
castaneum. Furthermore, CRISPR/Cas9 also induced efficient 
gene mutagenesis of the typically deficient phenotype of abd-A 
in Spodoptera litura, a serious agricultural pest worldwide, by 
direct injection of Cas9 mRNA and sgRNA into S. litura 
embryos (Bi et al., 2016). CRISPR/Cas9 has also been used in 
functional characterization of the S/itPBP3 gene in S. litura (Zhu 
et al., 2016). Furthermore, the Dop1 gene was knocked out in 
non-model Gryllus bimaculatus using the CRISPR/Cas9 system, 
resulting in mutants that were defective in aversive learning with 
sodium chloride punishment, but not appetitive learning with 
water or sucrose reward (Awata et al., 2015). 


IMPROVEMENT OF THE CRISPR/CAS9 SYSTEMS IN 
INSECTS 


Efficiency 

Cas9 can efficiently generate knockout in insects via NHEJ, but 
the efficiency of precise sequence replacement via HR is 
substantially lower. Ma et al. (2014) attempted to promote 
knock-in efficiency by targeting BmKu70, which is involved in 
the NHEJ pathway. Several methods have been developed to 
increase knock-in efficiency in vivo, which might provide new 
methods for application in insects. Precise knock-in is usually 
accomplished by stimulating HR in the presence of a single- 
stranded oligodeoxynucleotide (ssODN) template, with ssODN- 
mediated knock-in achieved in Drosophila (Gratz et al., 2013; 
Liu et al., 2014), silkworm (Ma et al., 2014; Zhu et al., 2015), 
and mosquito (Kistler et al., 2015). Recently, the rational design 
of ssDNA donors to match first released DNA strands by the 
Cas9 protein increased the rate of HR by 60% (Richardson et 
al., 2016). In addition, the two-hit two-oligo (2H2OP) method 
composed of Cas9 and two sgRNAs generated knock-in of 200 
kb sequences into a genome through HR (Yoshimi et al., 2016). 
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However, HR is not the only pathway leading to precise knock- 
ins. The CRISPR/Cas9 system can also mediate knock-in of 
exogenous DNA based on the NHEJ repair pathway. In 
zebrafish, for example, the mutation rate was promoted up to 
66%, much higher than the 1.5% mutation rate by HR (Auer et 
al., 2014a, b). Microhomology-mediated end-joining (MMEJ), 
another non-homologous DSB repair mechanism, uses micro- 
homologous sequences (5-25 bp) for error-prone end-joining. 
Based on the CRISPR/Cas9 system, Nakade et al. (2014) 
developed precise integration into the target chromosome 
(CRIS-PITCh) system, which enabled the efficient integration of 
exogenous DNA in vivo. TALEN-mediated PITCh has also been 
shown to be quite effective in silkworm (Nakade et al., 2014). 


Accuracy 

The Cas9/sgRNA system has been successfully applied in both 
model and non-model insects to induce indel mutations through 
NHEJ or sequence-specific mutations through HR. However, 
potential off-target effects might result in unexpected indel 
mutations, especially when relying on NHEJ, thus increasing 
the complexity of analyzing mutants of interest (Cho et al., 2014; 
Fu et al., 2013; Hsu et al., 2013). Several methods can reduce 
off-target effects and promote targeting specificities. Firstly, 
introduction of a D10A or H840A mutation into the RuvC1- or 
HNH-like nuclease domains in Cas9 can generate a variant 
protein with single-stranded DNA cleavage (nickase) activity 
(Gasiunas et al., 2012; Jinek et al., 2012). Cas9 nickase (dCas9) 
with paired gRNAs properly positioned on the target DNA 
exhibits low off-target mutagenesis compared with wild-type 
Cas9 (Cho et al., 2014; Mali et al., 2013; Ran et al., 2013). In 
Drosophila, the application of Cas9 nickase and sgRNA pairs 
almost eliminated off-target effects when generating indel 
mutants (Ren et al., 2014). However, Cas9D10A was not as 
effective as Cas9 in replacing the entire coding sequence of 
piwi with two sgRNAs (Ren et al., 2014). Previous studies have 
also used sgRNA-guided dCas9 fused to Fokl nuclease where 
two fused dCas9-Fokl bind target sites at a defined distance 
apart, inducing DNA double-strand break after dimerization of 
the two monomers (Guilinger et al., 2014; Tsai et al., 2014). 
Furthermore, truncated sgRNAs (17-18 nt long) were found to 
decrease undesired mutagenesis at some off-target sites by 5, 
000-fold or more while maintaining on-target activities (Fu et al., 
2014). However, this method is not robust and might not work 
on some targets, thus reducing the number of target sites in the 
genome. The architecture of the Cas9 protein can also be 
modified to reduce off-target effects. Kleinstiver et al. (2015) 
screened a D1135E mutation in the PAM-interacting domains 
by bacterial selection, which improved the specificity for off- 
target sites without decreasing on-target activity. In addition, 
some studies decreased the energetics of interaction between 
the Cas9-sgRNA complex and target DNA, so that 
CRISPR/Cas9 might retain robust on-target activity, but have a 
diminished ability to cleave mismatched off-target sites. Three 
amino acids of SpCas9 (K848A/K1003A/R1060A) were 
engineered, which decreased off-target indel formation by at 
least 10-fold, without scarifying on-target activity (Slaymaker et 
al., 2016). In another study, four SpCas9 residues (N497A, 


R661A, Q695A, Q926A) were reformed to generate a SpCas9- 
HF1 protein, which reduced all or nearly all genome-wide off- 
target effects to undetectable levels (Kleinstiver et al., 2016). 


PROSPECTIVE APPLICATION IN INSECTS 


The application of CRISPR/Cas9 in insects is still in the early 
stages. It has been intensely reformed for different applications 
in model animals, which might clarify prospective applications in 
insects. 


Gene drive 

Gene drive refers to the increase in the frequency of particular 
genes by bias inheritance. Based on the CRISPR/Cas9 
genome editing system, a mutagenic chain reaction (MCR) 
method was developed to conduct gene drive in Drosophila 
(Gantz & Bier, 2015), in which MCR converted heterozygous 
mutations to homozygosity at the yellow locus in germlines with 
96% homing efficiency by copying themselves onto the 
homologous chromosome’ through HR. This study 
demonstrated that MCR technology was highly efficient in 
Drosophila and could be applied in other insect species. 
Recently, MCR technology was also established in Anopheles 
stephensi, where eye color gene kh was targeted with 99.5% 
efficiency (Gantz et al., 2015). Similarly, in Anopheles gambiae, 
three female-sterility genes (AGAP005958, AGAP011377 and 
AGAP007280) were identified and triggered expected 
phenotypes with 91.4% to 99.6% efficiencies (Hammond et al., 
2016). The reduction in female fertility has the potential to 
substantially reduce mosquito populations. These pilot 
experiments verify that the CRISPR-Cas9 gene drive system is 
a robust and valuable gene editing tool for functional genetic 
research in insects and in disease control by suppressing 
mosquito populations. 


Regulation 

The CRISPR/Cas9 system has the potential to activate or 
repress gene expression in vivo. CRISPR inference (CRISPRi) 
is a modified CRISPR/Cas9 system in which dCas9 paired with 
sgRNA can sterically hinder transcription at the sgRNA base- 
pairing genomic locus (Qi et al., 2013). The CRISPRi 
framework has been used for systematic phenotypic analysis of 
essential genes in bacteria (Peters et al., 2016). Additionally, 
CRISPRi regulation can be used to achieve activation or 
repression by fusing dCas9 to activator or repressor modules 
(Gilbert et al., 2013; Gilles et al., 2015; Mali et al., 2013). 
However, modest levels of gene activation have limited 
potential application. An improved transcriptional regulator was 
obtained through the rational design of a tripartite activator, 
VP64-p65-rta (VPr) (Chavez et al., 2015). In another study, 
different Cas9 activator systems and their ability to induce 
robust gene expression were examined in human, mouse, and 
fly cell lines, with VPR, SAM, and Suntag activators found to be 
superior to VP64 (Chavez et al., 2016). Nevertheless, the direct 
fusing of dCas9 with effector proteins is constrained to only one 
direction of regulation. Zalatan et al. (2015) converted sgRNA to 
scaffold RNA (scRNA) by extending the sgRNA sequence with 


modular RNA domains (MS2, PP7 and com), thus enabling 
flexible and parallel programmable locus-specific regulation. 
Multiple genes can be regulated in different directions 
(activation or repression) simultaneously. Using CRISPRi, the 
coexpression of dCas9 and guide RNAs targeted the 
endogenous roX locus (long non-coding RNAs) in Drosophila 
cells, resulting in robust and specific knockdown of roX1 and 
roX2 RNAs (Ghosh et al., 2016). 


DNA or RNA tracking 

Live imaging systems for visualization of genome loci are 
essential for studying chromatin dynamics and nuclear 
localization, which is important for understanding cellar 
processes. The CRISPR/Cas9 system can be reformed as a 
live imaging system by tagging dCas9 proteins with enhanced 
green fluorescent protein (EGFP) (Chen et al., 2013). An 
essential feature of any live imaging system is the ability to 
visualize more than one locus at a time. By using dCas9 from 
three bacterial orthologues fused with different fluorescent 
proteins, dCas9 and sgRNAs were found to efficiently label 
several target loci in live human cells (Chen et al., 2016; Ma et 
al., 2015). Another more flexible method is extending sgRNAs 
with RNA domains (MS2 and PP7), which when co-expressed 
with a dCas9 can recruit fluorescently tagged RNA-binding 
proteins (MCP and PCP) to specific genomic sites (Fu et al., 
2016). This allows for rapid, stable dual-color labelling. RNAs 
can also be tracked dynamically. Targeting RNAs with dCas9Q is 
possible by providing PAM as part of an oligonucleotide 
(PAMmer) that hybridizes to the target RNA (O'Connell et al., 
2014). Based on such a system, RNA-targeting Cas9 (RCas9) 
was generated with dCas9 fused with fluorescent protein (e.g. 
GFP), sgRNA and PAMmer, which recognized mRNAs in live 
cells while avoiding encoding DNA (Nelles et al., 2016). 


CONCLUSIONS 


The CRISPR/Cas9 system is a revolutionary tool for both 
prokaryotic and eukaryotic genetics. It has been preliminarily 
established and developed in model and non-model insects. 
Highly efficient knockout and knock-in experiments have been 
successfully conducted in model insects such as Drosophila 
and silkworm, and in non-model insects such as butterfly, 
mosquito, and beetle. Based on CRISPR/Cas9, several well- 
designed systems have been developed, including gene drive 
and regulation and DNA/RNA tracking systems, which will have 
significant impact on functional studies and pest control. 
Researchers have improved the CRISPR/Cas9 system in 
insects, resulting in easier and more effective design and use. 
Successful modifications of CRISPR/Cas9 have been made in 
cells and model animals, implying that CRISPR/Cas9 has the 
potential for broad application and development in insects. 
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ABSTRACT 


The postpartum period is when a host of changes 
occur at molecular, cellular, physiological and 
behavioral levels to prepare female humans for the 
challenge of maternity. Alteration or prevention of 
these normal adaptions is thought to contribute to 
disruptions of emotion regulation, motivation and 
cognitive abilities that underlie postpartum mental 
disorders, such as postpartum depression. Despite 
the high incidence of this disorder, and the 
detrimental consequences for both mother and child, 
its etiology and related neurobiological mechanisms 
remain poorly understood, partially due to the lack of 
appropriate animal models. In recent decades, there 
have been a number of attempts to model 
postpartum depression disorder in rats. In the 
present review, we first describe clinical symptoms 
of postpartum depression and discuss known risk 
factors, including both genetic and environmental 
factors. Thereafter, we discuss various rat models 
that have been developed to capture various 
aspects of this disorder and knowledge gained from 
such attempts. In doing so, we focus on the theories 
behind each attempt and the methods used to 
achieve their goals. Finally, we point out several 
understudied areas in this field and make 
suggestions for future directions. 


Keywords: Postpartum depression; Rat models; 
HPA axis; Stress; Estrogen 


INTRODUCTION 


Postpartum depression: the definition and treatments 

Pregnancy, parturition and lactation bring about numerous 
changes in the female’s brain, body and behavior which are 
essential for the survival and health of the offspring and 
necessary for the female to successfully respond to the new 
demands of her changed environment (Hillerer et al., 2012). 
However, disruption of these normal adaptations may underlie 
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various neuropsychiatric disorders that occur in the postpartum 
period, such as postpartum depression, anxiety and psychosis 
disorders (Lonstein, 2007). It is estimated that approximately 
5%-12% of mothers display postpartum anxiety (Andersson et 
al., 2006), 5%-25% postpartum depression (Beck, 2006), and 
0.1% postpartum psychosis (Jones et al., 2008). Some 
individuals also show impairments in prospective memory 
(Henry & Rendell, 2007). Among these mental disorders, 
postpartum depression receives much more attention than 
other postpartum mental disorders because of its relatively 
higher severity, prevalence and greater impact on both children 
and mothers. A quick search of PubMed  (http:// 
www.ncbi.nim.nih.gov/pubmed) with “postpartum depression” 
as a keyword on August 28, 2015 yielded 4 363 hits. As can be 
seen in Figure 1, the increasing trend started around 2000 and 
shows no sign of slowing down. This finding also suggests that 
we do not know enough about the pathophysiology of 
postpartum depression and more work needs to be done in 
order to find more efficacious treatments. 

What is postpartum depression? Postpartum depression is 
a severe mood disorder that can affect women shortly after 
childbirth. Mothers with postpartum depression experience 
negative emotions (e.g., sadness, anxiety, etc.) and have 
difficulty caring for themselves and their infants. They may 
also avoid other people and withdraw from social interactions 
(O'Hara & McCabe, 2013). For diagnostic purposes, such 
depressed mood or loss of interest or pleasure in activities 
must be present daily for at least two weeks. Although 
postpartum depression is defined as an episode of major 
depression during the first six months postpartum (O'Hara & 
McCabe, 2013), the depressive episode could occur any time 
during the first postpartum year. At present, there is no 
consensus as to what constitutes the postpartum period for 
the purposes of research on postpartum depression, and the 
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prevalent rates vary depending on the specific periods that 
are examined. One meta-analysis reveals that the combined 
point prevalence estimates for major and minor depression 
ranged from 6.5% to 12.9% (1.0%-5.6%) at different 
trimesters of pregnancy and months in the first postpartum 
year, peaking at two and six months after delivery (Gavin et 
al., 2005). Many symptoms of postpartum depression are not 
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different from those seen in major depressive disorder, with 
one noticeable difference being that the inflicted mothers lose 
interest in babies, and may find infant stimuli aversive (Bifulco 
et al., 2004). These reactions to infants may be linked to the 
dramatic decreases in several steroid hormones, including 
estradiol, progesterone, and cortisol, at least for some 
vulnerable women. 
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Figure 1 Number of publications from 1950 to 2014 with the keyword “postpartum depression” searched in PubMed on August 28, 2015 


Treatments for postpartum depression include psychotherapy 
and pharmacotherapy (e.g., antidepressants). Systematic 
reviews have suggested that individual interpersonal 
psychotherapy (IPT), cognitive-behavior therapy (CBT), and 
psychodynamic therapy may be effective psychologic 
treatments for postpartum depression with moderate effect 
sizes (Pearlstein et al., 2009). Antidepressant medications 
demonstrate larger effect sizes, but the long-term impacts of 
prenatal and postnatal drug exposure on the brain and 
psychological functions of the offspring remain a concern 
(Pearlstein, 2013). However, because there is little transfer of 
newer antidepressants to the infant via breastfeeding and they 
do not appear to be associated with any specific pattern of 
malformations, it is generally recommended that women remain 
on their medications (Yonkers et al., 2014). 


Risk factors for the development of post-partum depression 
Postpartum depression does not have a single cause. Like 
many neuropsychiatric disorders, postpartum depression has 
both genetic bases and environmental causes (Kendler et al., 
2001). It is well established that, on average, the risk for the 
development of major depression is approximately one-third 
genetic and two-thirds environmental (Nemeroff, 2008). 
Postpartum depression may not be an exception. This 
conclusion is supported recently by a comprehensive review 
which examined 214 publications from 2000 through 2013 on 
biological and psychosocial factors associated with postpartum 
depressive symptoms (Yim et al., 2015). This large body of 
literature includes 199 investigations of 151 651 women in the 
first postpartum year. It reveals that the strongest risk predictors 
among biological processes for postpartum depression are 
hypothalamic-pituitary-adrenal (HPA) dysregulation, inflammatory 
processes, and genetic vulnerabilities. Among psychosocial 
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factors, the strongest predictors are severe life events, some 
forms of chronic strain, relationship quality, and support from 
partner and mother. In this section, we selectively describe the 
known genetic and broad environmental factors that contribute 
to this illness. 


Genetic factors 

Postpartum depression has a strong genetic component. It is 
often observed that an individual would have an increased risk 
to develop postpartum depression if she has had symptoms of 
depression during or after a previous pregnancy; has previous 
experience with depression or bipolar disorder at another time 
in her life; or has a family member who has been diagnosed 
with depression or other mental illnesses. For example, Forty et 
al. (2006) reported that familial factors play a role in determining 
vulnerability to postpartum depression (defined as a major 
depressive episode occurring within four weeks of delivery). 
They found that among the 90 parous women, 31 had a sister 
with a history of postpartum depression. In those women, 29% 
of all deliveries (42% of first deliveries) were followed by an 
episode of postpartum depression. Of the 59 women whose 
sister had not suffered an episode of postpartum depression, 
only 12% of all deliveries (15% of first deliveries) were followed 
by an episode of postpartum depression. These findings 
suggest that genes shared by family members may play a role 
in the etiology of postpartum depression. Although they also 
support a significant contribution of environmental factors in the 
development of this complex mental disorder. Couto et al. (2015) 
conducted a systematic, integrative review that includes 20 
studies with different methodologies to answer questions about 
the relationship between genetic factors and the development 
of postpartum depression. They reported that postpartum 
depression shares the same genetic background with major 


depression. Thus, several well-known genes implicated in major 
depression, such as those linked to serotonin transporter (5- 
HTT), tryptophan hydroxylase 2 (TPH2), monoamine oxidase 
(MAO), catechol-o-methyl transferase (COMT) are also 
extensively examined in the context of postpartum depression. 
The summarized evidence’ regarding 5HTT gene 
polymorphisms suggests that the 5HTTLPR long allele might be 
a risk factor for postpartum depression, especially when it is 
coupled with other risk factors, such as unfavorable 
environments; previous psychiatric history; maternity stressors 
and COMT-Val158Met allele; autumn or winter delivery; and 
stressful life events, etc. In addition, Lin et al. (2009) examined 
the role of TPH2, the rate-limiting enzyme of serotonin 
biosynthesis, in the etiology of peripartum major depression and 
anxiety disorder in a Han Chinese population in Taiwan. They 
reported that the TPH2 2755A allele was found only in women 
with peripartum major depression and anxiety disorder 
(P=0.043) and exhibited a dominant gene action (P=0.038) with 
an estimated disease risk of 1.73. Hence, despite its small 
sample size and ethnic limitation, this study suggests that the 
TPH2 C2755A polymorphism may represent a population- 
specific risk factor for postpartum depression and anxiety 
disorder, perhaps by interacting with hormones. Finally, one 
large-scale study (n=1 210) used a genome-wide linkage 
analysis to search for chromosomal regions that contain genetic 
variants conferring susceptibility for postpartum depressive 
symptoms and showed modest evidence of an association 
between postpartum mood symptoms and a single-nucleotide 
polymorphism on chromosome 1 in the HMCN1 gene (Mahon 
et al., 2009). HMCN1 contains four estrogen-binding sites and 
may contribute to a phenotype of postpartum depression. In 
sum, various studies have suggested that postpartum mood 
symptoms have a partly genetic etiology, although how different 
polymorphisms lead to different neurobiological processes that 
change the vulnerability for postpartum depression remains to 
be elucidated. 


Environmental factors 

Here, environmental factors are broadly defined, including any 
factor that is not biological. Thus, marital problems, low 
socioecomomic status, lack of social support, obstetric 
pregnancy-related complications (e.g., Caesarean section or 
instrumental delivery), and alcohol or other drug abuse 
problems are all environmental factors that have been 
implicated in postpartum depression (Giurgescu et al., 2015). 
One common theme of these factors is that they all exert 


certain degrees of psychosocial stress upon affected individuals. 


Thus, it could be concluded that exposure to chronic stress 
before and/or during pregnancy is one of the most studied risk 
factors for postpartum depression (Bifulco et al., 1998). Indeed, 
exposure to chronic stress during pregnancy or shortly after 
giving birth is cited as a preceding factor for depression (Parker 
et al., 2003). It is also one of the most convincing, and 
translational, risk factors that many animal approaches employ 
to develop postpartum depression models. Accumulating 
evidence suggests that the way that chronic stress causes 
postpartum depression is to prevent behavioral, 


neuroendocrine, and neuronal adaptations specific to the 
reproductive status of the female (Hillerer et al., 2012). The 
readers are encouraged to read Yim et al. (2015) for a detailed 
analysis of various psychosocial factors. 


Behavioral measures for modeling different aspects of 
clinical symptoms 

An ideal animal model of postpartum depression must 
encompass all of the following important features or 
components: a genetic risk factor; peripartum stress; altered 
maternal behavior and associated changes in infants’ 
physiology and behavior and most importantly, various 
depression-like behaviors. In reality, however, most models 
only capture some aspects of etiology and risk factors of 
postpartum depression. As a way to describe various rat 
models of postpartum depression, we begin with 
descriptions of some of the tests that have been used to 
capture various symptoms of postpartum depression and 
their impacts. One obvious behavioral test of the 
manifestation of postpartum depression in mother rats is the 
maternal behavior test. Maternal behavioral test typically 
consists of a pup retrieval test and an observation test. In 
the pup retrieval, all pups are first removed from the dam for 
either a few seconds or several hours, and then re- 
introduced into the home cage. The number of pup retrievals 
and pup retrieval latencies are recorded. In the observation 
test, the frequency and duration of pup licking, nest building 
and pup nursing are recorded for 10 to 30 minutes. As a 
validation tool, it should be expected that a rat with 
depression-like symptoms shows deficits in various maternal 
responses, such as prolonged pup retrieval, lowered pup 
licking and reduced high-arched nursing. Slowed body 
weight increase in postpartum females and rat pups are also 
being used as a proxy measure of the impact of postpartum 
depression symptoms (Nephew & Bridges, 2011). However, 
in reality, this validation criterion (i.e., negative impacts on 
maternal care) has not always been met. 

The forced swim test is a widely used measure of a 
depression-like state (Englisch et al., 2009). It is also often used 
to gauge the magnitude of postpartum depression. In a typical 
study (Slattery & Cryan, 2012), female rats are placed for 15 
min in a water-filled cylinder from which they cannot escape. On 
the next day, they are placed in the same cylinder for 5 min. 
The time that they spend floating immobile (a measure of 
“learned helplessness”), swimming or climbing the walls of the 
cylinder (escape behaviors), and the latency to the first bout of 
immobility are recorded. Time spent immobile is a measure of 
passive stress coping (i.e., depression), whereas latency to the 
first immobility and time spent in escape behaviors are 
measures of active stress coping. 

Another widely used behavioral test of depression is the 
sucrose preference test. This is a classic test of anhedonia 
which essentially measures a rat's appetite for a highly 
palatable, rewarding substance (e.g., 1% sucrose solution) (Hill 
et al., 2014). A rat is given access to two bottles (water or 1% 
sucrose) for some time and fluid consumption is measured. The 
percentage preference for sucrose over water is typically used 
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as a measure for rats’ sensitivity towards reward. A “depressed” 
rat is expected to show a decreased percentage preference for 
sucrose than the normal control (Navarre et al., 2010). 

The elevated plus maze (EPM) is a canonical rodent test of 
anxiety-like behavior and has also been used to assess 
depression-like behaviors in mother rats, given the high- 
comorbid rate between anxiety and depression. The standard 
EPM procedure involves placing rats on the EPM for 5 min, and 
recording the number of entries made into enclosed and open 
arms and time spent in each. The percentage of testing time 
subjects spend in the open arms of the maze is an inverse 
measure of anxiety (or depression). 


Various animal models of postpartum depression 

In this section, we describe the preclinical approaches that have 
been taken to model postpartum depression in rats. This list of 
rat models is not meant to be comprehensive, but rather 
selective, focusing on those better known models with 
supporting evidence for their validity. Some models are 
developed based on the putative changes in parturitional 
hormones (i.e., the hormone withdrawal model) or stress 
hormones (i.e., the chronic corticosterone treatment model). 
Some rely on social stress during the postpartum (i.e., the 
repeated maternal separation model and the chronic social 
stress model) or pregnant period (i.e., the gestational stress 
model). Still others use a traditional depression model (i.e., the 
learned helplessness model) or a combination of stress and 
early environmental risk factor (i.e., the maternal immune 
activation (MIA) potentiated by repeated maternal separation 
stress model). As is evident, these animal models of postpartum 
depression all encompass a significant stress component, while 
the genetic component is missing, partially due to our lack of 
deeper understanding the determinant genes for this disorder. 
In terms of various validity, many of these models have certain 
degrees of face validity, as mother animals subjected to various 
manipulations exhibit depression-like behaviors during 
postpartum and occasionally show impaired maternal care. 
They also have certain degrees of construct validity, as there is 
a partial match between what is measured at the behavioral 
(psychological, e.g., depression-like behaviors) and neural 
levels (e.g., hippocampus) in the animal models of postpartum 
depression with what is believed to be the behavioral and 
neural processes underlying this disorder in humans. The 
predictive validity (i.e., demonstrating that antidepressants 
ameliorate depression-like behaviors in mother animals and 
improve maternal care), however, has not been well established 
in most of these models. Unless experimental situations and 
associated manipulations used to induce postpartum 
depression in animals are reproducible and consistent within 
and across laboratories, it is impossible to achieve a high 
degree of predictive and construct validity. Unfortunately, we are 
not there yet. With this cautionary note in mind, let us look at 
some of the commonly studied models. 


The hormone withdrawal model 


After childbirth, the circulating high levels of estradiol and 
progesterone achieved during pregnancy decline quickly to pre- 
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pregnancy levels within days. These rapid changes in 
reproductive hormones immediately following childbirth are 
believed to contribute to postpartum depression. For example, 
Bloch et al. (2000) provides direct evidence implicating the 
reproductive hormones estrogen and progesterone in the 
development of postpartum depression. They showed that 
withdrawal from an 8-week treatment of supraphysiologic doses 
of estradiol and progesterone induced depressive symptoms in 
women with a history of postpartum depression. Therefore, the 
hormone withdrawal regimen has been used as a model for 
examining depression-like behavior in postpartum female rats. 
In one study (Galea et al., 2001), ovariectomized female rats 
were injected with a low dose of estradiol benzoate (2.5 ug) and 
a high dose of progesterone (4 mg) daily for 16 consecutive 
days. The dose of estradiol was increased to 50 ug from day 17 
to 23 to mimic the levels observed in pregnancy. Three days 
after hormone withdrawal, rats were tested in the forced swim 
test and open field test (an assessment of general motor activity 
and anxiety). It was found that female rats undergoing estradiol 
withdrawal show increased immobility and decreased struggling 
and swimming behaviors in the forced swim test. These 
depression-like responses could not be explained by the 
change in general locomotor activity, as these rats were more 
active in the open field test. Continual treatment with high levels 
of estradiol was able to reverse the depression-like behaviors in 
the forced swim test. For the first time, this study demonstrates 
that withdrawal from chronic high levels of pregnancy- 
associated hormones (estradiol and progesterone) can produce 
depression-like symptoms in female rats and prolonged 
exposure to high levels of estradiol through the post-partum 
period might be effective to reverse the effects of hormone 
withdrawal. 

More recently, Schiller et al. (2013) used the intra-cranial 
(lateral hypothalamus) self-stimulation technique and the 
forced swim test in an attempt to validate the hormone 
withdrawal model of postpartum depression in rats. The intra- 
cranial self-stimulation responding is a test developed to study 
the brain’s reward processing. It is well known that rats 
implanted chronically with electrodes in the posterior lateral 
hypothalamus can be trained to press levers in order to self- 
stimulate this brain region electrically. Anhedonic animals tend 
to show a decrease in self-stimulation. In this study, they 
found that ovariectomized rats withdrawn from estradiol 
treatment showed reduced responding for electrical 
stimulation and had significantly greater immobility and less 
swimming than controls in the forced swim test. These results 
show that withdrawal from estradiol caused anhedonic-like 
behavior. Navarre et al. (2010) further showed that estradiol 
withdrawal following estradiol and progesterone treatment 
causes anhedonia during the early "postpartum" period, as 
hormonal withdrawal causes animals to display decreased 
sucrose preference in the sucrose preference test. Overall, 
the hormonal withdrawal model (especially from estrogen) 
represents a valid approach for the study of certain aspects of 
postpartum depression, as it captures the possible negative 
impacts of hormonal fluctuations associated with pregnancy 
and lactation on emotion regulation. 


The chronic corticosterone treatment model 

This model was developed by Brummelte et al. (Brummelte & 
Galea, 2010; Brummelte et al., 2006) to mimic the 
hypercortisolism found in patients with major depression. In 
their studies, rat dams were treated with either a low dose (10 
mg/kg) or a high dose of corticosterone (CORT) (40 mg/kg) 
either during gestation, postpartum, or across both gestation 
and postpartum. They found that dams exposed to 40 mg/kg 
CORT during postpartum expressed "depressive-like" behavior 
compared to controls, with decreased struggling behavior and 
increased immobility in the forced swim test, reduced body 
weight, and reduced maternal care (more time off the nest and 
reduced time spent on nursing). In addition, gestational and/or 
postpartum treatment with high CORT reduced cell proliferation 
in the dentate gyrus of postpartum dams compared to oil- 
treated controls. Therefore, it appears that prolonged treatment 
with high levels of CORT could be considered as a valid animal 
model of postpartum depression, due to its negative impacts on 
maternal care, hippocampal cell proliferation and depressive- 
like behavior. This approach has an advantage over other 
physical or social stress models in that it allows for more 
controllability of the hormone levels in the dams, less individual 
variability, and avoids maternal separation, which exposes the 
offspring to the same stressor. 


The repeated maternal separation model 

The repeated maternal separation model as a possible model 
of postpartum depression was clearly presented in Boccia et al. 
(2007). This model is based on the observation that long (>3 h) 
daily separations of rat pups from their mothers increase dams’ 
stress responses and decrease pup licking. Thus, it was 
hypothesized that daily long maternal separation would induce 
learned helplessness, creating a depression-like state in mother 
rats. In this model, on postpartum days 3-14, mother rats were 
separated from their litters daily for either 3 h or 15 min and 
were compared to the control rats that were not separated from 
their pups or disturbed at all in the forced swim test and 
maternal behavior tests. They found that dams subjected to 
repeated, 3 h maternal separation from PND 3-14 developed 
depression-like behaviors at postpartum week 3, immediately 
after weaning, with increased immobility in the forced swim test 
compared to non-separated and 15 min separated dams. This 
model has an advantage in which it employs a psychological 
and social stress regimen, rather than physical stressors (e.g., 
restraining) or pharmacological stress (e.g., corticosterone), 
which mimics human conditions better, as human depression 
more often entails loss of, disruption of, or change in significant 
social relationships. 


The chronic social stress model 

As mentioned above, chronic exposure to psychosocial stress 
is a major contributing factor to postpartum depression. 
Nephew & Bridges (2011) described a novel model that 
captures this aspect of postpartum depression. In this study, 
chronic social stress was achieved by using a chronic social 
defeat paradigm. Previous works show that social defeat of a 


mother rat is a severe stressor, as acute exposure to a novel 
male intruder elicits robust stress responses in lactating females 
(Nephew et al., 2010), and causes a mother to kill her litter 
(Nephew & Bridges, 2011). Thus, it was hypothesized that 
chronic daily exposure to a novel male intruder would cause a 
depression-like state in lactating mothers, reduce the display of 
maternal behavior (e.g., decreased pup licking and nursing), 
and increase aggression due to social instigation. In this study 
(Nephew & Bridges, 2011), postpartum female rats were 
assigned into the chronic social stress group, which had a novel 
intruder male placed in their home cage for 1 h each day from 
days 2-16 of lactation; and the control group, which was 
exposed to the intruder for 30 min only on days 2, 9, and 16 of 
lactation - the days when all dams were tested for maternal 
care and maternal aggression. Maternal care testing consisted 
of the re-introduction of all eight pups to the home cage after a 
30-minute removal, and behavior was then video recorded for 
30 min. They reported that on day 9 of lactation, the socially 
stressed group had longer latency to initiate nursing and lower 
durations of pup grooming and total maternal care. On maternal 
aggression, the socially stressed dams also had shorter 
aggression latencies and longer average aggressive bouts, and 
their body weight increase and the growth of their pups were 
both lower than the control dams. This study suggests that 
chronic social stress during lactation attenuates maternal care 
and the growth of both dams and pups, and increases the 
expression of maternal aggression toward a novel male intruder, 
indicating that this model may be useful to model the social 
conflict-induced depression-like behaviors in animals. 


The gestational stress models 

Like other stress-based models, this approach attempts to 
capture the stress-induced increase in risk to develop 
postpartum depression by administering chronic stress during 
pregnancy. One model, developed by Inga Neumann and David 
Slattery’s group (Hillerer et al., 2011) subjected pregnant 
females alternatively to daily restraint stress and overcrowding 
(4 unfamiliar pregnant rats housed together for 24 h) from 
gestation days 4-16. Stressed females showed decreased 
body-weight gain and increased adrenal weight relative to their 
nonstressed controls. Chronic stress also prevented a number of 
peripartum adaptations, including basal plasma hypercorticism, 
increased oxytocin MRNA expression in the hypothalamic PVN, 
and anxiolysis (Hillerer et al., 2011). More importantly, none of 
these parameters were affected in stressed virgins, indicating 
the specificity of these stress-induced changes to the 
peripartum period. This model is thought to be more relevant to 
the human condition than other non-social stress paradigms 
(e.g. repeated restraint stress) (see below). 

In Smith et al. (2004), pregnant rats underwent daily restraint 
stress (1 h/day, days 10-20 of gestation), or were left 
undisturbed (control). On post-parturition days 3 and 4, dams 
were tested in the forced swim test. Gestational stress 
significantly elevated immobility scores by approximately 25% 
above control values on the second test day. Maternal 
behaviors, especially arched-back nursing and nesting/grouping 
pups, were reduced in the stressed dams. Importantly, their 
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offspring also showed increased immobility in the forced swim 
test and hypersecreted stress hormones in response to an 
acute stress challenge in adulthood. These data show that 
gestational stress might alter maternal behavior in mother rats 
by inducing a depression-like state. This state coincides with 
reduced maternal care, and result in increased stress 
responses in adult offspring. Overall, applying stress during 
the gestational period could increase depression-like and 
anxiety-like behaviors in the postpartum rat, and could be a 
useful tool to study emotional changes associated with 
gestation and lactation. 


The learned helplessness (LH) model 

It has been well documented that exposure to inescapable 
shock interferes with the subsequent learning of escape 
responses, in comparison to exposure to equivalent amounts of 
escapable shock. This effect is known as learned helplessness 
(LH) and has been used to model major depression (Maier & 
Watkins, 2005; Malberg & Duman, 2003; Shirayama et al., 
2002; Valentine et al., 2008). Williams (1984) conducted the 
first study that examined the role of controllable versus 
uncontrollable postpartum stress on subsequent maternal 
responses towards pups. Specifically, he subjected rat dams to 
one of three 8-day postpartum treatments on postpartum days 
8-15: tail-shock wheel-turn escape training, yoked inescapable 
shock, or restraint without shock, then conducted maternal 
behavior observation at 24 h before and 24 h and 72 h after 
such a treatment. Each shock training session consisted of 80 
trials of tail shock ranging from 0.8 mA (Trials 1-19), to 1.0 mA 
(Trials 20-39), to 1.3 mA (Trials 40-59), and to 1.6 mA (Trials 
60-80) presented on a variable-time schedule, with a mean 
interval of 60 sec and a range of 30-120 sec. Shock terminated 
when the rat in the escape training group had completed a one- 
quarter turn of the wheel beyond 0.8-1.6 sec following shock 
onset. Maternal behavioral observations were conducted after 
the dams were briefly removed from their pups and the home 
cage was placed in an observation chamber. Latency and 
frequency of nest approaching, leaving, pup retrieving and oral 
contacts were recorded for 15 min. He found that inescapable 
shock impaired maternal responses, as dams approached the 
nest slower, spent less time in the vicinity of the nest, and 
contacted their pups less frequently and for shorter durations. 
These disruptions in maternal responses were found during 
both the 24 h and the 72 h posttreatment sessions. Therefore, 
although the specific mechanisms underlying the effects of 
learned helplessness on maternal behavior are still not clear, 
this study demonstrates that the LH paradigm may be a useful 
model to study postpartum depression. 

Recently, Kurata et al. (2009) has provided further support of 
the usefulness of this paradigm. They also focused on the 
influence of early postpartum maternal learned helplessness 
(LH) on subsequent maternal behavior. To induce learned 
helplessness, dams were given an inescapable shock session 
(IS-session) on postpartum day 3, and an avoidant test session 
(AT-session) on postpartum day 4. In the IS-session, each rat 
was exposed to 80 inescapable foot-shocks (0.8 mA, each 
duration: 15 sec) from the electrified grid floor in a chamber. 
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The AT-session was performed 24 h later, in which each rat was 
placed in the same chamber, and exposed to 15 foot-shock 
trials. Each foot shock trial could be terminated by pressing a 
lever. If the escape latency was from 20 sec to 60 sec, the 
trial was considered a ‘failure’. Based on the number of 
escape failure, rat dams were classified rats as non-LH (<4 
failures) or LH (>11 failures). Maternal behavior data collected 
daily in the first two weeks postpartum showed that the LH 
dams had reduced levels of active nursing behavior. Once 
again, this study supports the notion that LH is capable of 
exerting a robust negative impact on active maternal behavior 
and could serve as a useful model to study postpartum 
depression. 


The maternal immune activation (MIA) potentiated by 
stress model 

Early life stress is known to induce long term affective 
dysregulation. As such, most recently our group investigated a 
potential early life stress-based model termed the maternal 
immune activation (MIA) model. We injected pregnant female 
rats with polyinosinic: polycytidylic acid (poly I:C, 4 mg/kg, iv) on 
gestation day 15. Poly I:C is an immunostimulant that is known 
to induce in utero stress in pregnant rats. We then applied the 
3-h repeated maternal separation during the first two postnatal 
weeks and examined the maternal behavior of the adult female 
offspring when they become mothers. We found that early life- 
stressed female offspring displayed reduced nest building in the 
maternal behavior test on postpartum days 2, 4, and 6 
compared to dams without a history of early life stress exposure. 
This preliminary result suggests that early environmental 
stressors may alter postpartum maternal behaviors and 
potentially serve as a useful tool to model early life adversity- 
induced depressive-like behaviors in postpartum rats. 


CONCLUSION 


Given the detrimental effects of postpartum depression on 
mothers and their children, understanding the underlying 
behavioral and neurobiological basis using an animal model 
would be beneficial. Thus far, we have selectively commented 
on a few commonly used animal models of postpartum 
depression and outlined their main findings. These models all 
encompass a stress component and attempt to capture certain 
human conditions that posit risks for this disorder; however, 
they all miss the genetic component. In addition, none of these 
models is intended to recapitulate all the possible risk factors 
and the entire symptomology. This might prove to be a more 
feasible way to reveal the concerted effect of physiological and 
psychological stress on the brain and psychological functions of 
the dam. 

As pointed out by Hillerer et al. (2012), one major reason that 
the etiology and neurobiology of postpartum depression remain 
poorly understood is the lack of appropriate animal models. It is 
thus urgent to develop and validate an animal model that can 
simultaneously capture various psychological and physiological 
processes critical for the normal and disrupted expressions of 
maternal behavior and mental health of postpartum females. 


Additionally, previous work on the psychological processes (e.g., 
emotion regulation, learning and memory, attention) affected by 
reproduction (e.g., pregnancy and lactation) and stress often 
examines them in isolation or in separate tests, precluding the 
examination of their potential interactions in contributing to 
postpartum mental disorders. For example, it has been shown 
that gestational stress often causes a long-lasting suppression 
of learning and memory ability and can even abolish the 
cognitive-protective or enhancement effects of maternal 
experience (Lemaire et al., 2006). However, whether it causes 
this disruption through disturbing the emotional system or 
learning and memory mechanisms alone or in combination is 
not clear, as they are often not assessed concurrently. Further, 
conflicting findings exist in regards to the effects of reproduction 
on basic psychological functions. For example, numerous 
studies report that postpartum rats are less anxious than virgins 
in behavioral tests of anxiety (Lonstein, 2005). However, many 
others failed to find similar effects in lactating rats (Lonstein, 
2007). Also, how this reduced anxiety interacts with gestational 
and postpartum stress in giving rise to depression-like and 
anxiety-like behavior in mother rats is not clear. Additionally, 
how pup presence and physical contact with pups play a role in 
modulating the impact of postpartum stress on depression-like 
and anxiety-like behaviors need to be further examined. For 
these reasons, one future research direction is to develop 
innovative animal models that simultaneously capture multiple 
behavioral and neuroadaptive changes associated with 
reproductive life and are sensitive to various environmental risk 
factors. This paradigm could be used to explore the 
neurobiological correlates of postpartum mental disorders. For 
example, we could explore the roles of 5-HT and its related 
receptors, given its known roles in anxiety, depression, 
affiliation, impulsivity and aggression (Cools et al., 2008; Graeff 
et al., 1996), and determine how functional disruptions of the 
bed nucleus of the stria terminalis (BST) contribute to maternal 
anxiety (Lonstein, 2007). 
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ABSTRACT 
Model organisms have long been important in 
biology and medicine due to their specific 


characteristics. Amphibians, especially Xenopus, 
play key roles in answering fundamental questions 
on developmental biology, regeneration, genetics, 
and toxicology due to their large and abundant eggs, 
as well as their versatile embryos, which can be 
readily manipulated and developed in vivo. 
Furthermore, amphibians have also proven to be of 
considerable benefit in human disease research due 
to their conserved cellular developmental and 
genomic organization. This review gives a brief 
introduction on the progress and limitations of these 
animal models in biology and human disease 
research, and discusses the potential and challenge 
of Microhyla fissipes as a new model organism. 


Keywords: Amphibian; Model organism; Life Science; 
Biomedicine; Microhyla fissipes 


INTRODUCTION 


Because many critical pathways and gene functions that govern 
organism development and apoptosis are highly conserved in 
different species, studies on model organisms can provide 
insight into basic biological processes (Fields & Johnston, 
2005). Almost everything we know about the fundamental 
properties of organisms - how they grow and develop, how they 
express their genetic information, and how they use and store 
energy - has come from studies on model organisms. Not 
surprisingly, such studies have made important contributions to 
our understanding of human health and disease. These simple 
animals traditionally include the nematode worm 
(Caenorhabditis elegans), fruit fly (Drosophila melanogaster), 
zebrafish (Danio rerio), African clawed frog (Xenopus laevis), 
western clawed frog (Xenopus tropicalis) and mouse (Mus 
musculus), each a representative of the diversity of life 
(Chitramuthu, 2013; Fields & Johnston, 2005; LaBonne & Zorn, 
2015). Model organisms usually exhibit certain key 
characteristics, which contribute to their viability in research, 
including small size and tractability in the laboratory, short 
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generation time, high fertility rates, easy growth, and 
amenability to experimental manipulation. As model organisms, 
amphibians play key roles in developmental biology, 
regeneration, genetics, toxicology, and immunology research. 
Xenopus, including X. laevis and X. tropicalis, are important 
model organisms, especially for investigating fundamental 
questions on developmental and cell biology, due to their large, 
abundant eggs, readily manipulated embryos, and conserved 
cellular developmental and genomic organization. In addition, 
as anuran amphibians possess various skin secretions for 
defense against external stimuli, they are an optimal model for 
understanding special immune structures and functions as well 
as immune system conservation and differentiation among 
vertebrate taxa. In addition, salamander amphibians serve as 
an important vertebrate model for studying regeneration and 
tissue repair. 


SALAMANDERS: THE REGENERATION MODEL 


Salamanders have an incredible ability to regenerate a range of 
organs and tissues, even as adults. They can regenerate limbs, 
tails, spinal cords, jaws, gills, parts of the brain, retinas, irises, 
lenses, and sections of the heart, while anurans (frogs and 
toads) lose the ability to regenerate limbs as they approach 
metamorphosis (Brockes, 1997). These organisms thus offer 
the unique opportunity to discover the events and processes 
that occur and the genes that are expressed during successful 
regeneration. 

Regeneration was first reported in salamander in 1768 by 
Spallanzani (Spallanzani, 1768). Our understanding of organ 
regeneration has advanced considerably since then through 
research on tissue morphology, cytology, and molecular 
pathways (Fei et al., 1987; Makanae et al., 2016; Morrison et al., 
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2006; Odelberg, 2005; Wallace, 1981). When animals start 
regeneration, a typical regeneration blastema structure forms at 
the damaged site. This blastema consists of undifferentiated 
stem-like cells termed blastema cells, which are usually either 
unipotent or multipotent (Satoh et al., 2015). There are multiple 
means by which injured tissues can provide new cells for 
regeneration. Specifically, new cells can be produced by 
resident stem cells, by dedifferentiation (loss of differentiated 
characteristics) producing a dividing cell that acts as a 
progenitor cell, and by transdifferentiation, that is a change in 
state from one cell type to another (reviewed in Tanaka & 
Reddien, 2011). 

Molecules and mechanisms that can transform wound 
healing responses into blastema induction responses have 
been previously investigated. Cooperative inputs of fibroblast 
growth factor (FGF)- and bone morphogenetic protein (BMP)- 
signaling can substitute for the nerve functions in accessory 
limb model blastema induction (Makanae et al., 2016). 
Extracellular signal-regulated kinase (ERK) activation is 
required for re-entry into the cell cycle of post-mitotic 
salamander muscle cells. Remarkably, while long-term ERK 
activation is found in salamander myotubes, only transient 
activation is seen in their mammalian counterparts, suggesting 
that the extent of ERK activation could underlie differences in 
regenerative competence between species (Yun et al., 2014). 

It is essential, therefore, to explore the molecules and 
mechanisms of tissue regeneration, and thus provide a 
theoretical basis for the regeneration of human organs and the 
suppression of cancer. 


AMPHIBIANS: THE IMMUNITY MODEL 


Vertebrate immune systems are classically categorized into two 
interconnected types: that is, innate and adaptive immune 
systems. Amphibians occupy a key phylogenetic position in 
vertebrates and evolution of the immune system and share 
many features of cellular immunity with mammals (Xiang et al., 
2014; Zhao et al., 2014). As mammals, the effector cells of 
amphibian innate immunity eliminate infected cells by 
phagocytosis, via macrophages, neutrophils, and dendritic cells 
or by natural killer-mediated direct cytotoxicity. Moreover, the 
humoral side of innate immunity in amphibians includes 
epithelia-secreted antimicrobial peptides and some serum 
peptides, such as those of the complement system. In addition, 
frogs have a thymus where T-cells differentiate and a spleen 
where B- and T-cells accumulate, while leukocytes such as 
neutrophils, basophils, eosinophils, monocytes, and macrophage- 
like cells are also found in the blood (Robert & Ohta, 2009). 
Amphibian skin plays a key role in everyday survival and the 
exploitation of a wide range of habitats and ecological 
conditions, and is thus a model system for diseases affecting 
vertebrate mucosa. Bioactive components of amphibian skin 
secretions, especially biologically active peptides, have been 
extensively studied. Granular glands in the skin of anuran 
amphibians synthesize and secrete a remarkably diverse array 
of antimicrobial peptides (AMPs), 10-50 residues in length, that 
are released onto the outer layer of the skin as an effective and 
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fast-acting defense against harmful microorganisms (Li et al., 
2007). Xu & Lai (2015) summarized the sequence and structure 
of AMPs in 26 genera. Sitaram et al. (2002) characterized 
tigerinin 1 from the skin secretions of the Indian frog, Rana 
tigerina, which exhibited impressive activity against a variety of 
clinical bacteria. Furthermore, esculentin-1a produced by the 
skin of the green edible frog, Pelophylax lessonae/ridibundus, 
was found to rapidly kill both planktonic and biofilm forms of 
Pseudomonas aeruginosa via pronounced membrane- 
perturbing activity (Luca et al., 2013). Therefore, exploration of 
the structures, biological functions, and mechanisms of active 
peptides from amphibian skin secretions is important for 
developing new therapeutic agents. 

Adaptive immunity represents the most recent branch of the 
immune response system from an evolutionary point of view 
due to its appearance in the gnathostomes. The high 
complexity of the adaptive immune system is based on the 
intact B-cell receptor (BCR)-T-cell receptor (TCR)-major 
histocompatibility complex (MHC). Transcriptome analysis of 
Bombina maxima skin and blood identified the transcripts of 
BCR, TCR and MHC, suggesting an immune system nearly 
parallel to that of mammals (Zhao et al., 2014). However, some 
studies have suggested that the adaptive immune response to 
some pathogens is weak (Fites et al., 2013, 2014; Xu & Lai, 
2015). The MHC is an adaptive feature of the immune system 
that likely evolved in basal tetrapods. Genetic relatives share 
MHC alleles, which encode T-cell repertoires, so their immune 
systems should recognize similar arrays of pathogens. The 
MHC is genetically diverse in most populations, with this 
variation likely responsible for the patterns of morbidity and 
mortality observed when a population is challenged with a given 
pathogen (Barribeau et al., 2008). Immune system genes show 
higher rates of adaptive evolution than non-immune genes 
across a range of taxa, including crustaceans, insects, anurans, 
birds, and primates (Savage et al., 2014). Gene synteny is 
helpful for identifying divergent genes, such as those involved in 
immunity. For example, in Xenopus, as in mammals, cluster of 
differentiation 88 (CD8B) retains proximity to CD8a, whereas 
CD4 is closely linked to Lag3 and B genes (Chida et al., 2011). 
Ongoing whole genome mutagenesis allows one to search for 
genes critically involved in immune functions. Due to their 
special phylogenetic position and living environment, frogs 
provide a valuable platform for investigations on detailed 
immune responses and adaptive evolution. 


XENOPUS IN SCIENTIFIC RESEARCH 


Here, the genus Xenopus refers to two species — that is, X. 
laevis, a classic allotetraploid frog used by researchers for 
several decades, and X. tropicalis, a diploid frog more recently 
adopted due to its easy genetic manipulation. X. laevis and X. 
tropicalis are species of African aquatic frog of the family 
Pipidae. Xenopus is an invaluable tool in vertebrate embryology 
and development, basic cellular and molecular biology, 
genomics, neurobiology, and toxicology, and as a model for 
human diseases (Horb, 2014). Xenopus eggs and embryos are 
outstanding tools in basic biology and biomedical research. 


First, Xenopus lay abundant eggs year-round in response to 
mammalian hormones. Second, their embryos tolerate 
extensive manipulation ranging from very delicate procedures, 
such as transplantations of single cells, to extensive ‘cut and 
paste’ operations that challenge large sections of the embryo 
with new environments (Harland & Grainger, 2011). Third, a 
range of materials, such as nucleic acids, proteins, and intact 
nuclei, can be easily injected into whole embryos or specific 
cells. Fourth, cell-free extracts from Xenopus oocytes allow for 
in vitro studies on fundamental aspects of cellular and 
molecular biology, such as cell cycle, cellular components, ion 
transport, and channel physiology. Fifth, developing larvae and 
tadpoles are transparent, which facilitates the detection of 
tissue and organ development by visual inspection under a 
dissection microscope. 

Xenbase (http://www.xenbase.org), the Xenopus model 
organism bioinformatic database, is a crucial resource that 
integrates diverse genomic, expression and functional data 
available from Xenopus research. The National Xenopus 
Resource (NXR) provides a facility for the breeding of X. laevis 
and X. tropicalis, maintenance of genetic stocks, which are 
available to researchers, as well as development of new 
experimental tools and husbandry techniques. Recently, 
ORFeome, which provides a comprehensive set of full-length, 
end-sequence validated, high-quality open reading frame 
clones in the Gateway cloning system, was established in 
Xenopus for functional genomics and disease modeling (Grant 
et al., 2015). These resources all provide support for studies on 
this model. 


Developmental biology 

Xenopus is an established and powerful model organism for the 
study of embryogenesis in vertebrates. Their relatively large 
embryos (in size and number) enable transplantation and 
microinjection, which has led to key discoveries not only on the 
functional role of inducers and inhibitors in vertebrate embryos, 
but also on their molecular mechanisms in vertebrate cells. 
Gurdon et al. (1958) conducted different nuclear transplantation 
experiments to demonstrate that mature Xenopus cells could 
be reprogrammed. Undifferentiated cells, collectively known as 
the animal cap, are present in the blastula of X. laevis. This 
region comprises approximately 1 000 cells and is capable of 
inducing myocardial cell differentiation following the activation 
or overexpression of factors such as GATA4 and Wnt11 
(Kinoshita et al., 2010). Using Xenopus as a model, Ciau-Uitz et 
al. (2013) established the genetic cascade specifying the 
emergence of adult hemangioblasts and built a gene regulatory 
network for the programming of these cells. Nieuwkoop (1985) 
investigated inductive interactions during early X. laevis 
development and their animal cap assay has enabled 
investigators to hone in on the most intractable problem in 
developmental biology: embryonic induction. Over the last two 
decades, with the development of molecular biology, a growing 
number of inducers and inhibitors for specific differentiation 
have been identified. Neural inducers such as noggin, chordin, 
and follistatin have been found to induce neural differentiation in 
isolated Xenopus animal caps (Hemmati-Brivanlou & Melton, 


1994; Lamb et al., 1993; Sasai et al., 1995). Xenopus has also 
been one of the foremost vertebrate models for unraveling the 
functions of B-catenin, such as dorsal accumulation and 
activation of a cascade of regulatory genes by B-catenin 
complexes and high mobility group (HMG) box transcription 
factors, which are critical for specification of the dorsal axis 
(Moon, 2001). 

In addition, studies on Xenopus have contributed to the 
molecular dissection of major signaling pathways (i.e., Wnt, 
BMP, activin, FGF) for embryogenesis. Xenopus research 
established the link between B-catenin and Tef/LEF and 
revealed some of the first direct Wnt/B-catenin target genes in 
vertebrates (siamois, Xnr3, twin, fibronectin, engrailed-2, Xnr5, 
Xnr 6, and slug) (Chien et al., 2009; Yang et al., 2002). FGF- 
signaling is essential during the late blastula stage for the 
gastrula ectoderm to undergo neural differentiation provoked by 
neural inducers (Delaune et al., 2005). The distinctions of 
transforming growth factor B (TGF) family signaling through 
Smad2 and Smad1 were also first clearly documented in 
Xenopus, with the roles of these signaling pathways in embryo 
organization predating loss-of-function experiments in other 
vertebrates (Whitman, 1998). 

Amphibian metamorphosis shares many similarities with 
mammalian development during the perinatal period. Therefore, 
Xenopus provides an ideal system for studying precocious 
induction in vivo and characteristic features of post-embryonic 
development, such as morphogenesis, tissue remodeling, gene 
reprogramming, and programmed cell death (Tata, 1996). 
During metamorphosis, thyroid hormones (T3) regulate the 
expression of Wnt5a/Ror2 to induce some larval epithelial cells 
to become adult stem cell analogs (Ishizuya-Oka et al., 2014). 
Heimeier et al. (2010) identified 17 larval-specific genes that 
might represent molecular markers for human colonic cancer by 
gene expression study during metamorphosis, which helps to 
understand intestinal organogenesis and human disease. 


Investigating cell cycle mechanisms 

Because large volumes of extracts can be prepared from eggs 
and oocytes of a single frog, and the cell-free nature of these 
extracts recapitulates the complex events of the cell cycle in 
vitro, they can be fractionated to identify structural and 
regulatory components. For over 20 years, oocytes, eggs, and 
early embryos of Xenopus have contributed to answering 
questions concerning the mechanisms that underlie cell cycle 
transitions - the cellular components that synthesize, modify, 
repair, and degrade nucleic acids and proteins, the signaling 
pathways that allow cells to communicate, and the regulatory 
pathways that lead to selective expression of subsets of genes 
(Gotoh et al., 2011). Essential cell cycle regulators such as 
INCENP, securin, geminin, and sororin were identified and 
characterized using functional screens in Xenopus extracts 
(reviewed in Grant et al., 2015). Maturation promoting factor, 
consisting of two subunits, cdc2 kinase and either cyclin B1 or 
B2, was originally characterized as an activator present in 
unfertilized Xenopus eggs, which could induce germinal vesicle 
breakdown when microinjected into resting oocytes. Moreover, 
the cdc2 protein has been shown to contain three regulatory 
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phosphorylation sites to regulate entry into and exit from mitosis 
and meiosis (Li et al., 1995). Khoudoli et al. (2008) blocked 
DNA replication by inhibiting either replication licensing or S 
phase cyclin-dependent kinase (CDK) activity, and found that 
Mcm2-7 plays a central role in coordinating the nuclear 
structure with DNA replication. 

Xenopus is not limited to in vitro investigations on cell cycle 
functions. The developing Xenopus embryo also presents an 
interesting in vivo system to study the regulation of proliferation, 
particularly in view of the changes in cell cycle regulation during 
early development (Hardwick & Philpott., 2015; Saka & Smith, 
2001; Woodland, 1974). The developing Xenopus embryo has 
a single cdk inhibitor, p27Xic1, to regulate the cell cycle, which 
functions during the neuronal commitment stage and is 
necessary for primary neurogenesis, independent of cdk2 
inhibition (Vernon et al., 2003). 


Regeneration research 

Xenopus laevis can regenerate larval tails and limbs by 
formation of a proliferating blastema and can regenerate eye 
lenses by transdifferentiation of nearby tissues, while also 
exhibiting partial regeneration of post-metamorphic froglet 
forelimbs (Beck et al., 2009). Therefore, X. laevis provides the 
powerful model system to discover fundamental mechanisms of 
regeneration. 

Using constitutive or dominant negative gene products, both 
the BMP and Notch signaling pathways have been showed to 
be essential for tail regeneration, furthermore, BMP is upstream 
of Notch and has an independent effect on regeneration of 
muscle (Slack et al., 2004). Researchers have found that 
pathways involved in development also play important roles in 
regeneration. For example, TGFB signaling plays a critical role 
in wound healing of the tail (Ho & Whitman, 2008). FGF ligands 
are upregulated in the regeneration bud of the tail as early as 
24 h after amputation, and their receptors, Fgfr1 and Fgfr2, are 
present in the regenerating tail (Lin & Slack, 2008). 
Regeneration of limb buds is most successful during the early 
stages of limb differentiation and then declines as 
metamorphosis proceeds (Dent, 1962). Yokoyama et al. (2000) 
found that regeneration capacity depends on the mesenchyme 
to supply both signals and progenitor cells and that the non- 
regenerative epidermis retains the capacity to respond to these 
stimuli. Extensive transcriptome changes in regenerative 
tadpoles 1 d after spinal cord injury, while this was only 
observed 6 d after injury in non-regenerative froglets, and 
genes related to neurogenesis and axonal regeneration were 
differentially regulated after injury in regenerative and non- 
regenerative stages (Lee-Liu et al., 2014). With the ever- 
increasing interest in regenerative medicine, the next 10 years 
will be an exciting time for regeneration research, and the 
advantages of the Xenopus system and advanced genetic 
manipulation ensure that Xenopus will continue to lead the way. 


As a human disease model 

When using animal models in biomedical research to gain 
insights into human developmental biology, disease pathology, 
and novel therapeutics, it is important to be aware of their 
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evolutionary distances to humans. The smaller the evolutionary 
distance, the more reliable the results from model organism 
studies will be translated to medicine. Importantly, Xenopus 
bridges the gap between costlier and less tractable mammalian 
models and the evolutionarily more distant zebrafish model, and 
as such is uniquely positioned to inform conserved biological 
processes relevant to human health. 

Out of 20 000 protein genes of X. laevis, there are at least 
1 700 orthologs of human disease genes (Hellsten et al., 2010). 
Currently, the Xenopus model organism system has been used 
to study cancer, Gl/pancreatic diseases, cardiovascular 
diseases, neurological diseases, immunological diseases, 
muscle atrophy, and human ciliopathies (Salanga & Horb, 2015; 
Schweickert & Feistel, 2015; Ymlahi-Ouazzani et al., 2010). 
Mutations found in Xenopus genetic screens often appear to be 
linked to human syndromes (Abu-Daya et al., 2009). When a 
wild-type human MeCP2 gene was overexpressed in Xenopus 
tectal neurons in vivo, these neurons were found to develop 
fewer, albeit longer, dendrites compared with normal tectal cells 
(Marshak et al., 2012). Furthermore, in Xenopus, as in humans 
and rodents, variations in MeCP2 activity cause redistribution 
between close- and long-range network connections, which is 
one of the landmark circuit abnormalities in autism spectrum 
disorders (Geschwind, 2009). Key transcription regulators are 
sufficiently conserved between Xenopus and humans (Amir et 
al., 1999), allowing the human MeCP2 gene to interact with 
native Xenopus pathways to reveal disease mechanisms, thus 
ultimately leading to advancements in diagnosis and therapy 
(Marshak et al., 2012; Pratt & Khakhalin, 2013). In X. laevis 
embryos, for example, Irx5 modulates the migration of 
progenitor cell populations in branchial arches and gonads by 
repressing Sdf1 (Bonnard et al., 2012). 


Genetic and genomic research 

Genetic research on X. laevis is challenged by its allotetraploid 
genome (reflected in four copies of many genes) and its 
generation time of over a year. Thus, researchers have turned 
to a genetically tractable amphibian species, X. tropicalis, a 
West African relative of X. laevis, with a small, diploid genome 
and much shorter generation time (just under three months for 
males) (Hirsch et al., 2002a). Xenopus tropicalis also promotes 
multigenerational studies, taking advantage of efficient 
transgenic methods in Xenopus (Harland & Grainger, 2011). 
This has enhanced the use of Xenopus in different assays, for 
example in scoring genes by transgenic embryos and 
generating transgenic lines (Hirsch et al., 2002b), perturbing 
gene function by tissue or stage-specific expression of designer 
constructs (Hartley et al., 2001), and defining key regions of 
enhancers (Ogino et al., 2008). In addition, the long fertility 
period of Xenopus greatly simplifies maintenance of stocks for 
backcrosses and test crosses relative to other animal models. 
The X. tropicalis genome sequence was first published in 2010, 
filling the gap between mammals and fish and revealing the 
extraordinary synteny between frog and human genomes. The 
Xenopus genome contains genes similar to at least 1 700 
genes that, in humans, are associated with disease (Hellsten et 
al., 2010). Thus, understanding these genes in frogs could help 


biologists understand how they are involved in human disease. 
The Xenopus model system has been further strengthened 
by recent advances in several powerful genome editing 
techniques, including zinc-finger nucleases (ZFNs), transcription 
activator-like effector nucleases (TALENs), and the CRISPR/ 
Cas 9 system (Guo et al., 2014; Lei et al., 2012; Young et al. 2011). 


Biochemistry, cell biology and toxicology 

Xenopus oocyte extracts have served for years as an important 
cellular expression system in studies on biochemistry and 
electrophysiological properties of ion channels, solute carriers, 
ATP-driven transporters, and signaling receptors (Schmitt et al., 
2014). By treating adult females with a relatively simple course 
of hormone injections, oocyte maturation is initiated and egg 
laying is encouraged. These eggs can then be collected to 
harvest egg extracts for further work. 

Having been used for decades by researchers in academia 
as well as the US Environmental Protection Agency (EPA) to 
assay toxic and teratogenic effects of environmental chemicals, 
the Xenopus tadpole is not strange to the field of embryo 
toxicology (Berg et al., 2009; Dumpert & Zietz, 1984; Saria et al., 
2014). The tadpole has served as a workhorse for these studies 
mostly because their metamorphosis from tadpole to frog 
depends entirely on the thyroid hormone (TH) (Damjanovski et 
al., 2000), and TH inhibitors are one of the most prevalent 
environmental contaminants and endocrine disruptors. In 
addition, environmental estrogens, including nonylphenol, 
octylphenol, methoxychlor, antiandrogen, p,p-DDE, and 
synthetic androgen 17a-methyltestosterone, alter early development 
in X. laevis by disrupting hormone-sensitive processes (Bevan 
et al., 2003). There is no doubt that the many unique 
advantages of Xenopus and other amphibians will ensure their 
position as a fundamental vertebrate model. It is likely that 
future contributions from Xenopus research will lead to rapid 
progress in biology and biomedicine. 

The genomic architecture and expression profiles of Xenopus 
are, however, not likely representative of amphibians as a 
whole. Xenopus are members of the family Pipidae, an early 
divergent group of anurans, with 95% of extant frog species 
actually belonging to the clade Neobatrachia, a much more 
recent radiation that diverged from Pipidae approximately 300 
million years ago (Pyron & Wiens, 2011). Furthermore, 
Xenopus live in the water all its life, and the development 
mechanism and physiological function of this sepecie is aquatic 
adaptive without information for the function, mechanism and 
evolution from aquatic to terrestrial. It is clear that no single 
model organism can fill all requirements for future research. 
Therefore, additional model organisms are needed for specific issues. 


POTENTIAL OF MICROHYLA FISSIPES 


Microhyla fissipes is a typical tailless anuran from the family 
Microhylidae suborder Neobatrachia. It is widely distributed in 
eastern Asia and Southeastern Asia and is of small size with a 
strong survivability (Figure 1). It can produce about 240-450 
eggs at one time, which are large enough (0.8-1.0 mm) for 
microinjection. The embryos develop rapidly and hatch after 


~24 h. Moreover, the tadpole is transparent (Figure 1A) and 
takes only 20-30 d to complete metamorphosis (Fei et al., 2009). 
Furthermore, M. fissipes is diploid (2n=24) (Chen et al., 1983). 
These characteristics suggest that M. fissipes would be a good 
species with which to study developmental biology, adaptive 
mechanisms from aquatic to terrestrial lifeform, environmental 
toxicology, and human disease. 





Figure 1 Photograph of tadpole (A) and adult (B) Microhyla fissipes 


At present, research progress has been made in the feeding, 
breeding, embryonic development, and metamorphosis of M. 
fissipes. 

Microhyla fissipes tadpoles are mainly fed on cooked egg 
yolk and Artemia salina, froglets are primarily fed on 
Onychiuyus fimeitayius linnaeus and Folsomia candida, and 
adult frogs are mainly fed on Pseudaletia separata, Plutella 
xylostella and Drosophila. In future, suitable fodder will be 
gradually added for domestication of this species, which will 
help to promote its storage in the lab. 

The mating season for M. fissipes is from March to 
September, though it peaks from early May to the end of June. 
During the mating season, males attract females mainly 
through croaking. Once drawn, the male embraces the female 
for several hours, climbing onto her back and performing 
amplexus breeding behavior. Spawning occurs in the water, 
during which time the female will lay her eggs and the male will 
release his sperm concurrently, with the fertilized eggs 
eventually hatching into tadpoles. This spawning occurs several 
times and lasts about 10 min. Microhyla fissipes can be induced 
to lays eggs in response to luteinizing hormone-releasing 
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hormone A3 (LHRH-A3) (Ningbo Sansheng Pharmaceutical Co., 
Ltd. Zhejiang, China) at a concentration of 0.3 ug/g from March 
to October, while half these concentrations are sufficient for 
males (unpublished data). 

The fertilized eggs are yellow and float on the water. 
Embryonic development of M. fissipes, like other amphibians, 
includes early and post-embryonic development. Considering 
the extent of morphological changes observed for other 
amphibians, especially anurans (Gosner, 1960; Shimizu & Ota, 
2003), 45 developmental stages have been determined for M. 
fissipes. The early embryonic period (stages 1-28), from 
fertilization to completion of spiracle, lasts for 82.6 h at 23.5+0.6 
°C (water temperature), and the larval period (stages 29-45), 
from limb formation to metamorphosis, takes 38 d at 24.6+0.8 
°C (water temperature). Raising the water temperature will 
accelerate embryonic development in M. Fissipes (data 
unpublished). During embryonic development, the larvae of M. 
fissipes are transparent and total length reaches a maximum at 
stage 40 (unpublished data). 

To investigate gene regulated metamorphosis, the transcriptomes 
of three key developmental stages of M. fissipes (pre- 
metamorphosis (PM), metamorphic climax (MC), and 
completion of metamorphosis (CM)) were deep-sequenced on 
the Illumina platform by NovoGene (Beijing). A total of 34 938 
unique transcripts were annotated, 2 293 differentially 
expressed genes were identified from comparisons of 
transcriptomes, and these genes showed stage-specific 
expression patterns. The stage-specific transcripts were 
detected by comparison in pairs. We found proto-oncogene 
could be attributed to the cellular proliferative activity of 
organisms in the PM stage. At the MC stage, transcripts 
associated with extracellular matrix (ECM), and ECM- 
remodeling were attributed to the morphological changes that 
accompany larval transitions. Detected unigenes important in 
metamorphosis can be considered as candidates to further 
elucidate the molecular mechanisms underlying metamorphosis 
in M. fissipes. Unexpectedly, we found that thyroid hormone 
receptor a (TRa) was highly expressed in X. laevis and Bufo 
gargarizans at PM but showed low expression in M. fissipes. 
Correspondingly, M. fissipes spent a shorter amount of time 
attaining metamorphosis onset and had a smaller body size 
than either Xenopus or B. Gargarizans (Zhao et al., 2016). In 
contrast, TRB was highly expressed during metamorphosis in M. 
fissipes, X. laevis and B. gargarizans. This implies that TRB is 
essential for initiating metamorphosis, at least in M. fissipes. 
Thus, our work clarifies the roles of unliganded TRa in 
regulating tadpole growth and timing of metamorphosis, which 
may be conserved in anurans, and the role of liganded TRB in 
launching metamorphosis (Zhao et al., 2016). 


CONCLUSIONS 


Compared with other model animals, research on M. fissipes is 
in its infancy and further studies on breeding, feeding, 
morphology, physiology, gene functions and molecular 
mechanisms of metamorphosis, and function, mechanism and 
evolution from aquatic to terrestrial are needed for this species. 
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At present, the key aim is to establish an inbred line, and to set 
the feeding and breeding standards for lab rearing. The species 
M. fissipes is cheap and convenient for laboratory breeding due 
to its small body size, as well as rapid embryonic development 
and metamorphosis, which has facilitated its use in 
developmental biology. Furthermore, M. fissipes belongs to the 
clade Neobatrachia, and thus may represent 95% of extant frog 
species. As a typical anuran, M. fissipes metamorphoses 
quickly from transparent tadpole to terrestrial froglet, which can 
also be used to explore the functional evolution of Anura from 
aquatic to terrestrial lifeform. The unusual characteristics of M. 
fissipes provide a novel inroad to address the mechanisms of 
spatiotemporal scaling during evolution. Additionally, its skeletal 
muscles, which undergo’ tremendous remodeling at 
metamorphosis, are an ideal model for studying muscle fiber 
apoptosis, differentiation, and adaptation of muscle function 
from aquatic to terrestrial lifeform. Therefore, our future work 
will focus on the basic biology of M. fissipes so as to detect its 
potential as a novel model in terrestrial adaptation mechanisms, 
lung development, muscle remolding during metamorphosis, 
and other foundational biological and biomedicinal research. 
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ABSTRACT 


Northern pig-tailed macaques (NPMs, Macaca 
leonina) are susceptible to HIV-1 infection largely 
due to the loss of HIV-1-restricting factor TRIM5a. 
However, great impediments still exist in the 
persistent replication of HIV-1 in vivo, suggesting 


some viral restriction factors are reserved in this host. 


The APOBEC3 proteins have demonstrated a 
capacity to restrict HIV-1 replication, but their 
inhibitory effects in NPMs remain elusive. In this 
study, we cloned the NPM A3A-A3H genes, and 
determined by BLAST searching that their coding 
sequences (CDSs) showed 99% identity to the 
corresponding counterparts from rhesus and 
southern pig-tailed macaques. We further analyzed 
the anti-HIV-1 activities of the A3A-A3H genes, and 
found that A3G and A3F had the greatest anti-HIV-1 
activity compared with that of other members. The 
results of this study indicate that A3G and A3F might 
play critical roles in limiting HIV-1 replication in 
NPMs in vivo. Furthermore, this research provides 
valuable information for the optimization of monkey 
models of HIV-1 infection. 


Keywords: Macaca leonina; Northern pig-tailed 
macaques; APOBEC3; HIV-1 


INTRODUCTION 


The lack of effective HIV-1-infected animal AIDS models 
hinders our understanding of HIV-1 pathogenesis and the 
development of AIDS vaccines and drugs (Hatziioannou & 
Evans, 2012; Zhang et al., 2007). The ideal animal model is 
one that can be infected by HIV-1 and progress to an AIDS-like 
disease. However, HIV-1 shows a narrow host range and only 
infects humans and a handful of nonhuman primates (Kuang et 
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al., 2009). Among them, the pig-tailed macaques (PTMs), which 
consist of northern pig-tailed macaques (NPMs, Macaca leonina), 
southern pig-tailed macaques (M. nemestrina) and Mentawai 
macaques (M. pagensis) (Groves, 2001), are the only Old World 
monkeys susceptible to HIV-1 infection. To date, however, the 
mechanism of this susceptibility remains largely unclear. 
TRIM5-Cyclophilin A (TRIMCyp) fusion in NPMs, identified in 
our previous research, might account for the susceptibility of 
NPMs to HIV-1 infection (Kuang et al., 2009; Liao et al., 2007). 
Thus, NPMs might present fewer impediments to HIV-1 
infection and replication than that of other macaques, such as 
the widely used rhesus and cynomolgus macaques. In addition, 
we previously reported on many basic biological parameters of 
NPMs (Lian et al., 2016; Pang et al., 2013; Zhang et al., 2014, 
2016; Zheng et al., 2014; Zhu et al., 2015), which will help in 
the promotion of NPMs in AIDS and biomedical research. 
Though HIV-1 can infect PTMs, considerable obstacles exist 
in regards to persistent replication in these hosts (Agy et al., 
1992; Bosch et al., 2000; Hu, 2005). This has limited the 
application of the PTM animal model of HIV-1 infection in the 
field of vaccine and drug testing. Furthermore, although 
APOBEC3 proteins have the capacity to restrict HIV-1 
replication (Jia et al., 2015; Simon et al., 2015; Stavrou & Ross, 
2015), it is unclear whether such proteins play an important role 





Received: 23 May 2016; Accepted: 05 July 2016 

Foundation items: This work was supported by the National Special 
Science Research Program of China (2012CBA01305), National 
Natural Science Foundation of China (81172876; 81471620; 81273251; 
81571606; U0832601), National Science and Technology Major 
Project (2014ZX10005-002-006), Knowledge Innovation Program of 
CAS (KJZD-EW-L10-02) and Yunnan Applicative and Basic Research 
Program (2014FB181) 

“Corresponding author, E-mail: zhengyt@mail.kiz.ac.cn 
DOI:10.13918/j.issn.2095-8137.2016.4.246 


Zoological Research 37(4): 246-251, 2016 


in restricting the replication of HIV-1 in NPMs. 

The APOBEC3 family, comprised of seven members 
(APOBEC3A, APOBEC3B, APOBEC3C, APOBEC3D, APOBEC3F, 
APOBEC3G, and APOBEC3H) in primates (Prohaska et al., 
2014), can inhibit the replication and spread of various 
retroviruses by inducing C-to-U hypermutation in newly 
synthesized viral minus DNA, ultimately leading to G-to-A 
hypermutation in the viral genome. The activity of APOBEC3 
proteins, particularly that of APOBEC3G, is inhibited by vif, an 
accessory protein encoded by lentiviruses. Interestingly, the 
degradation of APOBEC3 proteins by different vifs shows 
pronounced species-specificity (Zennou & Bieniasz, 2006), 
although this is not absolute. The species-specific interaction 
between vifs and APOBEC3s suggests that APOBEC3s are 
important obstacles to cross-species transmission of lentiviruses. 

The rate of viral hypermutation mediated by APOBEC3s is 
associated with viral transmission and disease progression. In 
recent years APOBEC3s have been treated as potential targets 
of future therapeutic strategies against HIV-1 (Pillai et al., 2012). 

Recently, PTMs were shown to develop AIDS following 
infection with adapted macaque-tropic HIV-1 (Hatziioannou et 
al., 2014), which is considered a major step forwards in AIDS 
research. To explore whether APOBEC3 proteins play a role in 
restricting the replication of HIV-1 in NPMs, we cloned A3A-A3H 
genes from NPMs and analyzed their anti-HIV-1 activity. The 
aim of this study was to provide valuable information for 
optimizing nonhuman primate models for AIDS research. 


MATERIALS AND METHODS 


Animals, cells and viruses 

The NPMs used in this study were obtained from the Kunming 
Institute of Zoology, Chinese Academy of Sciences (KIZ, CAS), 
and were maintained in accordance with the regulations and 
recommendations of the Animal Care Committee of KIZ, CAS, 


Table 1 Primer sequences and PCR conditions for APOBEC3 mRNA 


and the Guide to the Care and Use of Experimental Animals, as 
described previously (Zhang et al., 2014). 

Peripheral blood mononuclear cells (PBMCs) in NPM blood 
samples were isolated using Ficoll density centrifugation (Dai et 
al., 2013). The isolated PBMCs were cultured for 72 h in RPMI 
1640 medium (10% fetal bovine serum (FBS) containing 
interleukin-2 (IL-2, 50 U/mL) and Con A (1 mg/mL). In addition, 
293T cells (Type Culture Collection (TCC), CAS) and TZM-bl 
cells (Medical Research Council, AIDS Reagent Project, UK) 
were grown in Dulbecco’s modified Eagle’s medium (DMEM) 
with 10% FBS (Lei et al., 2014). HIV-1n43 was made by 
transfection of 293T cells using Lipofectamine TM 2000 
according to the manufacturer’s instructions (Invitrogen 
Carlsbad, CA). HIV-1ni4-3 proviral plasmids were kindly donated 
by Prof. Guang-Xia Gao (Institute of Biophysics, CAS, China). 


PCR of APOBEC3 mRNA 

Total RNA from PBMCs was extracted using TRIzol reagent 
(Invitrogen, Carlsbad, CA) and then reverse transcribed into 
cDNA using the PrimeScript® RT reagent kit with gDNA Eraser 
(Takara, Dalian, China). The primers used were synthesized by 
Generay Biotech (Shanghai, China), and the sequences and 
PCR conditions are listed in Table 1. The PCR products were 
analyzed on a 2% agarose gel, visualized by ethidium bromide 
staining, and purified using a DNA gel extraction kit (Generay 
Biotech, Shanghai, China). The purified fragments were cloned 
into pMD19-T simple vector (Takara, Dalian, China) and finally 
sequenced (Majorbio, Shanghai, China). Sequences were 
analyzed by MEGAS.0 software and the NCBI's online BLAST 
server (http: /Awww.ncbi.nim.nih.gov/blast/blast.cgi). 


Molecular cloning of NPM A3s 

For expression studies, FLAG primers were designed based on 
the CDSs of the NPM APOBEC3s, with the sequences and 
PCR conditions listed in Table 2. The flag-APOBEC3s 





Primers Primer DNA sequences PCR conditions 

NPM-A3A-F 5'-CAGGAACCGAGAAGAGACAAGCACAT-3' 94°C 5 min, (94 °C 30 sec, 59 °C 30 sec, 72 °C 90 sec)x32 cycle, 72 °C 10 min 
NPM-A3A-R 5'-CTGCCTTCCTTAGAGACTGAGGC-3' 

NPM-A3B-F 5'-AGAGCGGGACTGGGACAAG-3' 94 °C 5 min, (94 °C 30 sec, 59 °C 30 sec, 72 °C, 2 min) x 32 cycle, 72 °C 10 min 
NPM-A3B-R — 5'-TTAGAGACTGAGGCCCATCCTTC-3' 

NPM-A3C-F 5'-ACAAGCGTATCTAAGAGGCCG-3' 94 °C 5 min, (94 °C 30 sec, 59 °C 30 sec, 72 °C 90 sec)x32 cycle, 72 °C 10 min 
NPM-A3C-R_ 5'-GGAGGCCCGTGCAGCATG-3' 

NPM-A3D-F 5'-GCGTATCTAAGAGGCTGAACAT-3' 94 °C 5 min, (94 °C 30 sec, 59 °C 30 sec, 72 °C, 2 min) x 32 cycle, 72 °C 10 min 
NPM-A3D-R — 5'-TTATGTTGGGGAGATGGGAAGAG-3' 

NPM-A3F-F —5'-ACAAAGATCTTAGTCGGGACT-3' 94 °C 5 min, (94 °C 30 sec, 59 °C 30 sec, 72 °C, 2 min) x 32 cycle, 72 °C 10 min 
NPM-A3F-R 5'-AGGCTAGAGGAGACAGACCA-3' 

NPM-A3G-F 5'-GTCAGGACTAGCCGGCAAAGGAT-3' 94 °C 5 min, (94 °C 30 sec, 59 °C 30 sec, 72 °C, 2 min) x 32 cycle, 72 °C 10 min 
NPM-A3G-R_5'-CTTCCTTAGAGACTGAGGCCCATC-3' 

NPM-A3H-R_ 5'-GACCAGCAGGCTATGAGGCAA-3' 94 °C 5 min, (94 °C 30 sec, 59 °C 30 sec, 72 °C 90 sec)x32 cycle, 72 °C 10 min 
NPM-A3H-F 5'-CCAGAAGCACAGATCAGAAACACGAT-3' 
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Table 2 Primer sequences and PCR conditions for molecular cloning of NPM A3s 


Primers Primer DNA sequences 


PCR conditions 





NPM-A3A-CD-F  5'-gcgaagcttgccaccAT GGACGGCAGCCCAGCATCCAG-3' 


94 °C 5 min, (94 °C 30 sec, 58 °C 


NPM-A3A-CD-R _ 5'-cctctagaggcTCACTTATCGTCGTCATCCTTGTAATCgccgccGTTTCCCTGATTCTGGAG 30 sec, 72 °C 90 sec) x32 cycle, 


AATGGCCC-3' 


NPM-A3B-CD-F  5'-gcgaagcttgccaccAT GAATCCACAGATCAGAAATCCGATGGAGC-3' 


72 °C 10 min 
94 °C 5 min, (94 °C 30 sec, 58 °C 


NPM-A3B-CD-R _ 5'-cctctagaggcT CACTTATCGTCGTCATCCTTGTAATCgccgecGTTTCCCTGATTCTGGAG 30 sec, 72 °C 2 min) x32 cycle, 


AATGGCC-3' 


NPM-A3C-CD-F  5'-gcaagcttgecaccATGAAT CCACAGAT CAGAAACCCGATGA-3' 


72 °C 10 min 
94 °C 5 min, (94 °C 30 sec, 58 °C 


NPM-A3C-CD-R 5'-cctctagaggcTCACTTATCGTCGTCATCCTTGTAATCgccgccCTGAAGAATCTCCCGTAG 30 sec, 72 °C 90 sec) x32 cycle, 


GC-3' 


NPM-A3D-CD-F  5'-gcgaagcttgccaccAT GAATCCACAGATCAGAAATCCGATGGAGGG-3' 


72 °C 10 min 
94 °C 5 min, (94 °C 30 sec, 58 °C 


NPM-A3D-CD-R_ 5'-cctctagaggcTCACTTATCGTCGTCATCCTTGTAATCgccegccCTGAAGAATCTTCCATAG 30 sec, 72 °C 2 min) x32 cycle, 


GCGTCTTTCCAGA-3' 


NPM-A3F-CD-F 5'-gcgaagcttgccaccAT GAAGCCT CAGT TCAGAAACACAGT-3' 


72 °C 10 min 
94 °C 5 min, (94 °C 30 sec, 58 °C 


NPM-A3F-CD-R _ 5'-CctctagaggeTCACTTATCGTCGTCATCCTTGTAATCgcegecCTCGAGAATCTCCTGCA 30 sec, 72°C 2 min) x32 cycle, 


GCTTG-3' 


NPM-A3G-CD-F 5'-gcgaagcttgccaccAT GAATCCT CAAAT CAGAAACAT GGT GGA-3' 


72 °C 10 min 
94 °C 5 min, (94 °C 30 sec, 58 °C 


NPM-A3G-CD-R_ 5'-cctctagaggceTCACTTATCGTCGTCATCCTTGTAATCgccgecGTTTCCCTGATTCTGGAG 30 sec, 72 ‘C 2 min) x32 cycle, 


AATGGC-3' 


NPM-A3H-CD-F  5'-gcgaagcttgccaccAT GGCT CT GCTAACAGCCAAAACATTC-3' 


72 °C 10 min 
94 °C 5 min, (94 °C 30 sec, 58 °C 


NPM-A3H-CD-R 5'-cctctagaggceTCACTTATCGTCGTCATCCTTGTAATCgccgecTCTTGAGTTGCGTATTGA 30 Sec, 72 °C 90 sec) x32 cycle, 


CGATGAGGGG-3' 


amplicons were cloned into the pcDNA3.1 (+) vector (Invitrogen, 
Carlsbad, CA) using the Xbal and Hindlll restriction sites and 
then sequenced (Majorbio, Shanghai, China). Finally, the 
constructs of these recombinant plasmids were verified by 
restriction mapping of Xbal and Hindlll. 


Western blot analysis 

The 293T cells were transfected with pcDNA3.1-npmA3s-Flag 
(pcDNA3.1-npmA3A-Flag, pcDNA3.1-npmA3B-Flag, pcDNA3.1- 
npmA3C-Flag, pcDNA3.1-npmA3D-Flag, pcDNA3.1-npmA3F-Flag, 
pcDNA3.1-npmA3G-Flag, pcDNA3.1-npmA3H-Flag), pcDNA3.1- 
humanA3G-Flag, and pcDNA3.1-empty vector in 6-well plates with 
Lipo2000 (Invitrogen, Carlsbad, CA), and were lysed with cell lysis 
buffer (Beyotime, , Shanghai, China after 48 h transfection. The 
extracted proteins were denatured in SDS/PAGE loading buffer 
by boiling for 15 min and separated by SDS/PAGE. The flag- 
tagged proteins were detected using mouse monoclonal anti- 
flag antibody (Abmart, Shanghai, China) and then HRP- 
conjugated secondary antibody, followed by light staining with 
chemiluminescent detection reagents (Millipore, Bedford, MA). 


Co-transfection 

The HIV-1NL4-3 proviral plasmid (3 ug) was transiently co- 
transfected with the NPM A3A-A3G and human-A3G 
expression plasmid (1 ug) and pcDNA3.1 (+) control plasmid 
(1 ug) in the 293T cells with Lipo2000, according to the 
manufacturer’s protocols (Invitrogen , Carlsbad, CA). The cell 
culture medium was replaced with fresh medium 8 h after 
transfection. On day 2 after transfection, the cell supernatant 
containing the virus was collected, filtered, and then treated by 
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72 °C 10 min 


DNase | (Takara, Dalian, China) at 37 °C for 1 h to prevent 
plasmid carryover. 


Single-round viral infectivity assays 

The amount of viral particles harvested from the co-transfection 
supernatants was assayed by p24 antigen enzyme-linked 
immunosorbent assay (ELISA) (ZeptoMetrix Corp., Buffalo, NY, 
USA). The TZM-bl cells seeded at a density of 1x10‘ cells per 
well in 96-well plates were infected with equal amounts of virus. 
The infection was performed in triplicate for 48 h. After incubation, 
luminescence was measured by Bright-Glo luciferase assay 
reagent (Promega , Madison, WI). Statistical differences between 
mean percentages were compared by Student's “tests (two-tailed, 
P<0.05) using GraphPad Prism software v5.0. 


RESULTS 


PCR amplification and sequence analysis of NPM A3s 

Total RNA was extracted from PBMCs and reverse transcribed 
into cDNAs, which were used as PCR templates. The sizes of the 
A3A to A3H amplicons were 665 bp, 1 205 bp, 629 bp, 1 181 bp, 
1 178 bp, 1 208 bp, and 689 bp, respectively (Figure 1). 

The purified amplicons were cloned into pMD19-T simple 
vector and finally sequenced. Sequences were analyzed by 
MEGAS5.0 software and BLAST online. BLAST analysis of the 
NPM A3A-A3H CDSs showed 94%-99% nucleotide identity with 
those of rhesus, crab-eating, and southern pig-tailed macaques, 
and 89%-93% of nucleotides were identical to those of humans. 
Among them, the identities of NPM cDNA sequences with those 
of rhesus and southern pig-tailed macaques reached 99% 


M A3A_ A3B A3C A3D A3F A3G A3H 


2.000 bp 


750 bp 


Figure 1 Analysis of PCR products of NPM A3A-A3H with agarose 
gel electrophoresis 
Lane 1: DNA marker; Lane 2-8: PCR product of NPM A3A-A3H genes. 


(Table 3). To explore the clustering of NPM A3A-A3H 
sequences with specific primate lineages, we constructed a 
phylogenetic tree (Figure 2). Amino acid sequence alignment 
was subjected to phylogenetic analyses using the neighbor 
joining method. The results showed that NPM A3A-A3H 
sequences clustered according to the corresponding A3A-A3H 
sequences from different primate taxa. These analyses 
demonstrated that the cloned NPM A3A-A3H gene 
classifications were correct. GenBank accession numbers of 
the NPM A3A-A3H CDSs are KX583650, KX583652, 
KX583655, KX583653, KX583651, KX583654, and KX583656, 
respectively. 


Table 3 Nucleotide identity of A3A-A3H genes from NPMs compared 
with other primate species 





Gene Species Percentage identified with NPM (%) 
NPM-A3A Macaca mulatta 99 
Homo sapiens 90 
NPM-A3B Macaca mulatta 96 
Homo sapiens 92 
NPM-A3C_ Macaca mulatta 98 


Macaca fascicularis 98 


Homo sapiens 91 
NPM-A3D Macaca mulatta 94 
Homo sapiens 90 
NPM-A3F Macaca nemestrina 99 
Macaca mulatta 99 
Homo sapiens 93 


NPM-A3G Macaca nemestrina 99 
Macaca mulatta 99 


Macaca fascicularis 99 


Homo sapiens 89 
NPM-A3H Macaca mulatta 99 
Homo sapiens 91 


Enzyme digestion and expression product identification of 
NPM A3A-A3H expression plasmids 

Positive colonies containing non-mutated target fragments 
were picked and identified by double digestion with restriction 
enzymes Hindlll and Xbal. Agarose gel electrophoresis showed 
a series of DNA bands, which were in accordance with the 


expected sizes (Figure 3). 
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Figure 2 Phylogenetic tree of APOBEC3 proteins 
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Figure 3 Identification of pcDNA3.1-NPM A3A-A3H by restriction 
analysis 

Lane 1: DNA marker; Lane 2-8: Restriction product of pcDNA3.1-NPM; 
A3A-A3H; Lane 9: Control. 


To verify the constructed pcDNA3.1-NPM-A3s expressed 
proteins, the recombinant plasmid and an empty pcDNA3.1 
vector as a control were transfected into 293T cells. The cells 
were then subjected to protein detection by Western blot 
analysis. Protein expressions were detected and the molecular 
weights of the products were consistent with the expected 
values (Figure 4). 
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Figure 4 Detection of protein expression in 293T cells by Western 
blot analysis 
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In vitro anti-HIV-1 activities of NPM APOBEC3s 

To address whether different NPM APOBEC3 isoforms were 
able to effectively inhibit HIV-1 infectivity, we performed a 
single-cycle infectivity assay in TZM-bl cells. We observed more 
efficient inhibition of HIV-1nv4-3 infectivity by NPM A3G and A3F. 
Furthermore, NPM A3B and A3D showed less efficient inhibition 
than A3G/F, A3H showed relatively weaker inhibition compared 
with that of A3B/D, and the HIV-1 produced in the presence of 
A3A and A3C expression vector did not show any reduction in 
relative infectivity (Figure 5). 
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Figure 5 Anti-HIV-1 activities of NPM APOBEC3s 
The empty parental vector served as a negative control and human-A3G 
vector as a positive control; *: P<0.05. 


DISCUSSION 


NPMs express a TRIM5-Cyclophilin A (TRIMCyp) fusion protein, 
instead of a TRIM5a protein, which makes them more 
susceptible to HIV-1 infection than other macaques (Kuang et 
al., 2009; Liao et al., 2007). However, HIV-1 still encounters 
considerable obstacles in regards to persistent replication in this 
host (Agy et al., 1992; Bosch et al., 2000; Hu, 2005), 
suggesting that other restriction factors act as barriers. In 
previous studies, APOBEC3s have demonstrated a capacity to 
restrict HIV-1 replication (Jia et al., 2015; Simon et al., 2015; 
Stavrou & Ross, 2015). However, it is unclear whether the 
APOBEC3 proteins of NPMs play an important role in restricting 
the replication of HIV-1. 

In the current study, the NPM A3A-A3H genes were cloned, 
with BLAST analysis of their CDSs showing 94%-99% 
nucleotide identity with those of rhesus, crab-eating, and 
southern pig-tailed macaques, and 89%-93% nucleotide identity 
with those of humans. Among them, the identities of NPM cDNA 
sequences with those of rhesus and southern pig-tailed 
macaques reached 99%. Such a high nucleotide identity 
suggests that APOBEC3 genes might be important for the 
species to survive in nature. In addition, compared with rodents, 
which have only one APOBEC3 gene, primates have as many 
as seven (Jarmuz et al., 2002; Wedekind et al., 2003; Zhang & 
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Webb, 2004), indicating that APOBEC3 gene expansion has 
been critical for primate survival during evolution. 

About 35-50 million years ago, the dramatic decline in 
retrotransposon activities in primates might have resulted from 
the successful expansion of the APOBEC3 gene (Zhang & 
Webb, 2004). Retrotransposon activities increase genomic 
instability. Frequent retrotransposition can be detrimental for 
species living in stable environments and adapting to the 
environment at the same. However, moderate retrotransposon 
activities promote gene mutation, which is helpful for a species 
population to adapt to changing living environments. The 
APOBEC3 gene family has undergone rapid expansion, from 
one or two genes in non-primate mammals to at least seven in 
primates. In the past 30 million years, the primate genome has 
been infected by many viruses (Belshaw et al., 2004; Wolfe et 
al., 2004). The rapid evolution of the APOBEC3 genes has kept 
pace with the rapidly evolving viruses (Sawyer et al., 2004), 
suggesting that the APOBEC3 gene family plays an important 
role in restricting virus infection and maintaining genomic 
stability. 

We analyzed the anti-HIV-1 activity of the A3A-A3H genes. 
NPM A3G/F demonstrated very efficient anti-HIV-1 activity; 
however, NPM A3A/C exhibited no anti-HIV-1 activity, which is 
consistent with the anti-HIV-1 activity of APOBEC3s in humans 
and rhesus macaques (Virgen & Hatziioannou, 2007). Our 
study indicates that A3G and A3F might play critical roles in 
restricting HIV-1 replication in NPMs in vivo. 

Although results indicated that NPM A3A and A3C exhibited 
no anti-HIV-1 activity, their antiviral activity against other viruses 
and important biological roles cannot be ignored. Some studies 
have suggested that primate A3A limits the replication of the 
hepatitis B virus (HBV) and human papillomavirus (HPV) 
(Suspéne et al., 2005; Vartanian et al., 2008) and the 
retrotransposition of Alu elements (Stenglein et al., 2010). In this 
study, we only determined the anti-HIV-1 activity of NPM 
APOBEC3s in vitro. Whether NPM A3G and A3F exhibit better 
anti-HIV-1 activity in vivo needs to be further explored. 

In conclusion, A3A-A3H genes from NPMs were cloned, and 
their CDSs were found to be 99% identical to relevant 
sequences from rhesus and southern pig-tailed macaques. 
NPM A3G and A3F showed the greatest anti-HIV-1 activity 
compared with that of the other members, whereas A3A and A3C 
exhibited no anti-HIV-1 activity at all. This study indicates that 
A3G and A3F might play critical roles in limiting HIV-1 replication 
in NPMs in vivo. Our study provides valuable information for the 
optimization of monkey models of HIV-1 infection. 
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ABSTRACT 


As a novel experimental animal model, tree shrews 
have received increasing attention in recent years. 
Despite this, little is known in regards to the time 
phases of their embryonic development. In this study, 
surveillance systems were used to record the 
behavior and timing of copulations; embryos at 
different post-copulation stages were collected and 
cultured in vitro; and the developmental characteristics 
of both early-stage and in vitro cultured embryos 
were determined. A total of 163 females were 
collected following effective copulation, and 150 
were used in either unilateral or bilateral oviduct 
embryo collections, with 307 embryos from 111 
females obtained (conception rate=74%). Among them, 
237 embryos were collected from 78 females, bilaterally, 
i.e., the average embryo number per female was 3.04; 
172 fertilized eggs collected from 55 females, bilaterally, 
were cultured for 24-108 h in vitro for developmental 
observations; finally, 65 embryos from 23 bilateral 
cases and 70 embryos from 33 unilateral cases were 
used in embryo transplantation. 


Keywords: Tree shrew; Embryonic developmental 
stage; Embryo culture 


INTRODUCTION 


Tree shrews (Tupaia belangeri) are currently placed in Order 
Scandentia. However, their taxonomic status has received 
considerable attention in recent years due to the unresolved 
debate regarding the phylogenetic relationship of tree shrews to 
primates. In 2013, in collaboration with BGl-Shenzhen, China, 
and other research institutions, the Kunming Institute of Zoology 
(KIZ) from the Chinese Academy of Sciences (CAS) released a 
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high-quality genome sequence and annotation of the Chinese 
tree shrew (Tupaia belangeri chinensis). This provided genetic 
evidence regarding the taxonomic status and_ biological 
characteristics of the tree shrew and clarified the close 
relationship between tree shrews and primates (Zheng et al., 
2014). The tree shrew has been used as an animal model over 
several decades. Compared with non-human primates, the tree 
shrew features a small adult body and short reproductive cycle, 
and can, therefore, partially replace non-human primates in bio- 
medical research (Cao et al., 2003), including studies on HBV 
infection (Pang et al., 2014), H1N1 infection (Yang et al., 2013), 
depression (Wang et al., 2012), drug addiction (Sun et al., 
2012), and breast cancer (Xia et al., 2012). 

Understanding embryonic developmental phases has critical 
meaning in promoting the embryonic development and transgenic 
study of tree shrews. In the present research, to determine effective 
copulation, surveillance systems were applied to record animal 
behaviors. In addition, to observe the developmental stages in vitro, 
embryos at different developmental stages were collected and 
cultured from adult females after copulation. 


MATERIALS AND METHODS 


Experimental animals 

Healthy, adult male (n=16) and female tree shrews (n=163) 
(average body weight=131 g) were provided by the Kunming 
Primate Research Center, KIZ, CAS. The animal rearing room 
was maintained at an illumination of 150-300 LX, light: dark 
cycle of 12 h:12 h (light: 0730-1930h), and noise level below 50 





Received: 08 January 2016; Accepted: 05 March 2016 

Foundation items: This study was supported by the Breakthrough 
Project of Strategic Priority Program of the Chinese Academy of 
Sciences (XDB13000000) 

“Corresponding author, E-mail: zhaoxudong@mail.kiz.ac.cn 
DOI:10.13918/j.issn.2095-8137.2016.4.252 


Zoological Research 37(4): 252-258, 2016 


dB. The surveillance system was an infrared all-in-one video 
camera (2x10’ pixel, Sunell Technology, Co., Ltd., Shenzhen, 
China). All experimental protocols were approved by the Animal 
Ethics Committee of KIZ, CAS. 


Animal copulation 

Each male tree shrew was caged with one female. All 16 cages 
were under surveillance with four sets of video cameras. 
Copulation behaviors were determined the following morning 
based on recorded images. The females that had copulated 
were replaced by new females. 


Embryo collection and embryonic developmental stage 
observation 

Fertilized eggs were collected from females that had effectively 
copulated. The tree shrews were anaesthetized with ketamine 
(0.2 mg/g, intramuscular injection). After shaving and skin 
sterilization, the abdominal cavity and reproductive system were 
exposed along the medioventral line. The oviduct, uterus and 
adnexa were collected, rinsed with 37 °C pre-warmed saline 
water and then twice rinsed with M2 culture fluid. The oviduct 
and uterus were separated under stereomicroscope using 
pointed tweezers to tear the oviduct and squeeze out the 
fertilized eggs. The uterus was rinsed with M2 culture fluid, and 
the collected embryos were placed in TCM199 culture fluid for 
future observation. 


In vitro embryo culture 

The culture medium used was TCM199 culture fluid with 20% 
fetal bovine serum. Fluid drops (20 uL) were prepared the night 
before culture. The fluid drops were covered with paraffin oil 
and balanced in an incubator. The collected embryos were 
rinsed once with TCM199 culture fluid and then placed in the 
pre-balanced fluid drops. Each fluid drop contained 2-5 
embryos and was cultured in the incubators (37 °C, 5% CO2) 
for future observation. 


Embryo transplantation 

Either bilateral allotransplantation (each receptor received 4-6 
embryos) or unilateral autotransplantation (each receptor 
received 2-3 embryos) was conducted. The operation 
procedure was referenced on the transplantation procedure 
used in mice. After skin preservation and sterilization, the 
abdominal cavity and oviduct were exposed along the 
medioventral line. The peritoneal sheath was torn and 
transplantation was conducted at the morsus diaboli. 


RESULTS 


Because no obvious features (e.g., copulatory plug) can be 
found after copulation in tree strews, the timing of copulation 
can be difficult to determine. Therefore, a surveillance system 
was used to record both the behavior and timing of copulation 
in the present study. Effective copulation was considered only 
when the male presented at least three times with crawling or 
straddling, accompanied with copulatory behaviors and 
elongation of the genitals for over five minutes. Short copulatory 


behaviors were considered ineffective. The copulations of tree 
shrews were monitored from December 2014 to November 
2015. Of the 150 cases of effective copulation, only four 
occurred in December, after which successful copulations 
increased and peaked from April, May and June (32, 34 and 39, 
respectively). Copulations decreased from July and no 
copulations were observed during October or November 
(Figure 1A). Of the 150 females that effectively copulated, 
embryos were obtained from 111, resulting in a conception ratio 
of 74% (111/150). No conceptions were found in females after 
ineffective copulation, with dissections in 15 animals finding no 
embryos. These results indicate that the criteria established to 
differentiate successful/failed copulations in tree shrews were 
objective and reliable. From January to March, embryos were 
obtained in approximately 65% of tree shrews; from April to 
June, the number of embryos obtained peaked at 85%; in July, 
the number of embryos obtained decreased to 50%, and in 
August and September dropped to 0%, even with effective 
copulation. No copulations were observed from October to 
November. In December, the rate of embryos obtained reached 
100%; however, due to the small number (n=4) of copulations, 
statistical randomness could not be ruled out, and therefore this 
high rate was not considered typical tree shrew copulatory 
behavior for December (Figure 1B). The average monthly 
amount of obtained embryos from each female was compared 
(Figure 1C). The copulations were concentrated during the 
daytime and ceased at night. Copulation occurred from 0700- 
0900h in 24 cases, 0900-1100h in 12 cases, 1100-1300h in 35 
cases, 1300-1500h in 29 cases, 1500-1700h in 21 cases, 1500- 
1900h in 26 cases, and 1900-2000h in 3 cases, with no cases 
observed from 2000-0700h (Figure 1D). 

Embryo collection was performed 22-80 h post-effective 
copulation in 150 tree shrews. For the early-stage embryos 
cultured in vitro, embryo collections were performed on females 
22-34 h post-copulation. Among the 307 embryos obtained from 
the 111 females after effective copulation, 237 from 78 females 
were collected from bilateral oviducts (3.04 embryos per female) 
and 70 from 33 females were collected from unilateral oviducts. 
At 22-28 h post-copulation, 96% of collected eggs were at the 
1-cell stage; at 29-34 h post-copulation, most eggs were at the 
1-cell and 2-cell stages; at 41-50 h post-copulation, 71% of the 
collected eggs were at the 4-cell stage; at 60-75 h post- 
copulation, 87% of the collected eggs were at the 8-cell or 
morula stages; and at 72 h post-copulation, most eggs were at 
the blastula stage (Figure 2). 

In vitro culture was performed on the 172 collected embryos 
from 55 females (Table 2). Among the 127 embryos at the 1- 
cell stage, 57 developed into the 2-cell stage (cleavage 
rate=45%), 47 developed into the 4-cell stage, 29 developed 
into the 8-cell or morula stages, and 5 developed into 
blastulae. Of the 29 embryos at the 2- to 4-cell stages, 19 
cleaved and developed into morula. About 50% of the 
embryos at the 8-cell and morula stages developed into 
blastulae. The blastulae collected 72 h post-copulation 
hatched after 17 h of culture in vitro (Figure 3). In general, 
during culture, 2-cell, 4-cell, morula and blastula were 
observed after 32-36, 44-50, 72 and 85 h, respectively. 
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Figure 1 Copulation characteristics of tree shrews 


A: Seasonal distribution of effective copulations; B: Seasonal distribution of embryo obtaining rate; C: Average monthly embryo yield of each tree shrew; 
D: Day time distribution of copulations. 


Table 1 Embryos collected at different stages from 111 females after effective copulation 


Numbers of embryos at different stages (n) 








Time post copulation Numbers of 
1-cell stage 2-cell stage 4-cell stage 6-cell stage Blastula females (n) 

22-28 h 211 7 2 0 0 79 

29-34 h 25 21 9 0 0 21 

41-46 h 0 0 0 3 o ; 

47-50 h 2 0 12 0 0 5 

60-64 h 2 0 0 0 3 2 

69-75h 0 0 0 6 4 3 


Table 2 In vitro culture and development of 172 embryos collected from 55 females after effective copulation 





Embryonic developmental stages 1-cell 2-cell 4-cell 8-cell Morula Blastula Hatching 
stage stage stage stage 
Numbers of embryos (n) 127 57 47 37 19 5 0 
16 14 12 10 0 0 
13 12 9 2 0 
3 0 0 0 
9 6 6 
4 0 
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Figure 2 Embryo developmental stages of tree shrews 


A: Embryos at 26 h post-copulation; B: 2-cell stage embryos at 31 h post-copulation; C: 4-cell stage embryos at 48 h post-copulation; D: 4-cell stage 
embryos at 41 h post-copulation; E: Morula at 60 h post-copulation; F: blastulae at 72 h post-copulation (Nikon, 20x). 





Figure 3 /n vitro culture and development of tree shrew embryos 


A: Eggs collected 26 h post-copulation; B: 2-cell stage embryos after 32 h of culture; C: 4-cell stage embryos after 48 h of culture; D: Morula after 72 h of 
culture; E: Morula after 102 h of culture; G: Hatched blastulae after 96 h of culture; H: Hatched blastulae after 104 h of culture (Nikon, 20x). 


In tree shrews, embryo compaction, which is critical to 
embryo pre-implantation, begins from the late 8-cell stage. After 
the first cleavage, the effects of the maternal genes decrease, 
while the embryo genome activates and the morula compacts 
and develops into blastulae. In this study, after cleavage but 
before the 8-cell stage, the blastomeres were loosely compacted 
with clear boundaries (Figure 3B-C). Compaction occurred at 
the late 8-cell stage. With significant adhering and pressing, the 
blastomeres were stretched and elongated, and the entire 
embryo was tightly compacted (Figure 3D). With further 
development, polarization began (Figure 3E). The blastomeres 
in contact with teleblem were arranged in tight strips and 
distributed peripherally around the embryo. These cells were 


polarized and with blastocyst formation, developed into extra- 
embryonic tissues. The blastomeres in contact with the basilar 
membrane were arranged in gapped junctions. These non- 
polarized cells were found within the embryo and developed 
into an inner cell mass (Johnson & Ziomek, 1981). 

The 65 fertilized eggs obtained from the bilateral oviducts of 23 
females after effective copulation were used in transplantation. 
Another 13 females that had effectively copulated were used as 
receivers to accept 2-3 eggs on each side, bilaterally. However, 
no conception was found in either situation. The 70 eggs 
collected from the unilateral oviduct of 33 females were 
autotransplanted. Each female accepted 2-3 eggs obtained 
from the other side of its oviduct; however, no conception was 
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observed either. 
DISCUSSION 


In the wild, copulation in tree shrews exhibits obvious seasonal 
patterns and is usually concentrated from March to June. In 
captive conditions, 60% of copulations occur from February to 
June, with the rate decreasing from September to December. 
Pups are born from March to August (Peng et al., 1991). There 
are a number of indicators of seasonal reproduction patterns in 
tree shrews. Cao (1990) reported that from October to the 
following January, the number of primordial follicles in the 
ovaries was far greater than that from April to July, whereas, 
from January to April, the number of vesicular follicles that 
turned into mature follicles was greater than that from July to 
October. By comparing testicle slices from males in different 
seasons, Collins et al. (1982) found that reproductive capacity 
changed with environmental conditions and seasons, indicating 
that the physiology and puberty secretions in male tree shrews 
were similar to those in non-human primates and humans 
(Collins & Tsang, 1987). 

In this study, copulations in tree shrews from December to 
the following November were observed by surveillance. Even 
though copulations occurred in December, most effective 
copulations (70%) were concentrated from April to June (Figure 
1A). The rate of fertilized egg procurement from April to June 
was about 85% and was relatively stable (Figure 1B). 
Copulations were rarely seen (only 1-2 times) from July to 
August and none was observed from August to October. 
However, no significant differences were found in the average 
number of obtained embryos from each tree shrew over 
different seasons (Figure 3C). The number of young born under 
both wild and captive conditions is usually 3-4 (Jiang et al., 
2011; Peng et al., 1991). In this study, a total of 237 embryos 
were obtained from the bilateral oviducts of 78 females after 
effective copulation, i.e., average embryo number for each 
female was 3.04. These results are in accordance with previous 
findings on tree shrews in regards to seasonal reproduction, 
time and peak of reproduction, and number of young (Peng et 
al, 1991). According to Peng et al. (1991), copulations generally 
occur from 0700-0800h, 0830-1030h, and 1500-1600h. We 
found that the 150 cases of copulation were scattered from 
0700-1800h, with no clear time concentration occurring over the 
day (Figure 1D). In total of 147 cases of copulation occurred 
before 1900h. Furthermore, there was a dramatic decrease in 
copulation behavior after 1900h. 

The external genital tract of the female tree shrews in the 
estrus cycle is different with that of mice, i.e., a copulatory plug 
cannot be used to determine if copulation was successful or to 
estimate the time of fertilization. Although we were tried to 
diagnose the estrum of the female tree shrew by comparing the 
changes in color of its external genital tract in different stages, 
no regular pattern was observed, such as the light to dark to 
light pattern found in mice (Fu et al., 2005; Hubrecht & 
Kirkwood, 2010). To accurately diagnose the timing of copulation 
in tree shrews, we established effective copulation criteria based on 
surveillance recordings. Using these criteria, fertilized eggs were 
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obtained from 74% of females after effective copulation, 
indicating the viability of this method in determining successful 
copulations in tree shrews. In this study, egg collection was 
concentrated 25-28 h post-copulation. Seventy-one percent of 
the eggs collected 41-50 h post-copulation were at the 4-cell 
stage; 87% collected 60-75 h post-copulation were at the 8-cell 
or morula stage; and blastulae with cavities were found 75 h 
post-copulation. In mice, eggs at the 2-cell and blastocyst stages 
were found 36 h and 84 h post copulatory plug occurrence. The 
gestational period in mice is 19 days, but is 42-45 days in tree 
shrews (Tsang & Collins, 1985). These findings indicate that 
even though early stage embryonic development is comparable 
between mice and tree shrews, the development after 
implantation was quite different (being much slower in tree 
shrews than in mice). 

In this study, among the 127 in vitro cultured eggs, only 57 
developed from the cleavage to the 2-cell stage, i.e., the 
cleavage rate was 45%. Among these 57 2-cell stage embryos, 
37 developed into the 8-cell stage, i.e., the development rate 
was 64%. The possible reason for the significant difference 
between the cleavage and development rate is the accuracy in 
diagnosing effective fertilization. The basic criteria of 
determining fertilization are the occurrences of polocytes and 
nuclei. In tree shrews, however, cytoplasm oocytes are not only 
darkened and compact due to the enrichment of lipid droplets 
(Chen et al., 2002), but are also surrounded by a large amount 
of condensed granular cells. Even though we used the wash 
tube to rinse the embryos repeatedly, granular cells were not 
completely removed, which likely interfered in determining the 
development of cultured oocytes (Yue et al., 2004), as well as in 
observing the polocytes and nuclei. The application of other 
methods, e.g., low speed centrifugation, in fertilization diagnosis 
needs further exploration (Ma et al., 2007). 

Among the 89 embryos at the 2- to 8-cell stages, 38 
developed into morula, i.e., the development rate was 43%; 
among the 98 embryos after cleavage, only 17 (17%) 
developed into blastulae; 6 of the 9 morula that developed into 
blastulae were successfully hatched. The high cleavage to 
morula development rate indicates that the culture system was 
suitable in this study; however, the blastula rate was still low. 
Yue et al. (2004) obtained 14% blastulae following in vitro 
culture of mature oocytes. The low rate of blastula development 
may be due to degeneration and developmental arrest during in 
vitro culture. These phenomena generally exist in the in vitro 
culture of pre-implanted embryos in mammals, e.g., developmental 
arrest was found in 2-cell stage embryos in mice, in the 4-cell 
stage in pigs and in the 8-16 cell stages in goats and sheep (Li 
et al., 2005). 

Morula compaction plays an important role in embryo 
development. Without it, embryos in vitro may be unable to 
reach the blastula stage or may develop into poor quality 
blastulae, with later implantation impacted. van Soom et al. 
(1997) found that development in in vivo embryos was more 
delayed than that in in vitro embryos. Thus, the occurrence of 
compaction should be considered when establishing in vitro 
culture systems. Before compaction, mice embryos cannot fully 
digest glucose and pyruvic or lactic acid is taken as the 


metabolism substrate. Whereas, after the 8- to 16-cell stages 
and compaction, glucose becomes vital to embryo development, 
e.g., Ding et al. (2007) reported that after adding glucose to the 
in vitro embryo culture system, the rate of blastula development 
increased significantly. Oviducts also are important in in vivo 
and in vitro embryo development, e.g., Mercader et al. (2001) 
successfully improved embryonic development by co-culturing 
endometrial epithelial cells with embryos. Another issue worth 
attention is the individual differences among experimental 
animals. In many previous studies, experimental tree shrews 
were captured in the wild with indeterminate ages and genetic 
backgrounds, and therefore, significant differences likely 
existed among them. It is, therefore, important to establish tree 
shrew strains with clear genetic backgrounds (Xu et al., 2013). 
In this study, we determined the differences in both the 
morphology and time phase between in vivo and in vitro 
cultured tree shrew embryos. Although no morphological 
changes were found, delayed development was observed in the 
in vitro embryos. Under in vivo conditions, the 2-cell, 4-cell and 
blastula embryos were obtained at 27, 41 and 72 h post- 
copulation, respectively, whereas, under in vitro conditions, the 
embryos were obtained at 32, 44 and 75 h post-copulation, 
respectively. 

The success of egg transplantation is closely correlated with 
proper receptors. In this study, oviduct transplantation was 
applied as per the method used in mice (Nagy et al., 2003) . 
The structure and direction of oviducts in the tree shrews are 
similar to those in mice, but the texture is tougher, and after 
copulation, the obvious expansion of ampulla in mice is not 
found in tree shrews. Thus, the presence of a copulatory plug 
cannot be used as proof of effective copulation. In this study, 
based on recorded images, compared with the donors, the 
receptors had staggered copulation within 1-2 hours. The 13 
receivers for bilateral transplantation received 2-3 embryos on 
each side and were individually housed after operation; 
however, no conception was found a month later. Because tree 
shrews ovulate after copulation, it is possible that differences in 
developmental phases exist in the females with accordant 
copulation times. Moreover, the differences in genetic 
background may also cause immunological rejection. Therefore, 
we autotransplanted embryos from one side to the other within 
an individual; again, however, no successful conception was 
achieved. Tree shrews are easily stressed, and can become 
agitated with environmental stimuli. Stress can significantly 
affect copulation and reproduction in tree shrews, e.g., external 
stimuli can cause scent gland lesions in females and can 
induce miscarriage or infanticide (Peng et al., 1991). The 
transplantation procedure, which includes capture, anesthesia, 
and operation, may provoke stress in tree shrews and thus cause 
failure in transplantation. As such, embryo transplantation in 
tree shrews needs further exploration, with both individual 
differences and environmental stimuli taken into consideration. 
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